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 Spatial and temporal variation of population dynamics and recruitment of 
intertidal barnacles Chthamalus malayensis Pilsbry and Balanus spp. on rocky shores 
of southern Peninsular Malaysia and Singapore were investigated from August 2003 
to March 2005. Nested sampling designs used enabled multiple spatial scales to be 
examined simultaneously and all experiments were repeated over one year to reveal 
possible temporal trends. 
Density, mortality rate and recruitment of C. malayensis were examined over 
three spatial scales in Malaysia and Singapore from August 2003 to August 2004. 
Three Coasts (100s of kilometres apart) facilitated examination of variability over a 
regional scale. Two Shores, 1-10s kilometres apart, were nested within each Coast, 
and two Sites separated by tens of metres within each Shore were selected. 
Abundance and mortality rates were measured by tracking barnacles over three-month 
periods (Quarters). Analysis of variance (ANOVA) detected significant Site×Quarter 
interaction (P<0.05) for both barnacle density and mortality, while post-hoc Student-
Newman-Keuls (SNK) tests revealed that site differences (P<0.05) occurred only on 
Malaysian Shores, and Shores within Coasts did not always exhibit Site differences 
during the same Quarter. Significant temporal fluctuations (P<0.05) of density 
occurred only in Malaysia, while one Site in Singapore, in addition to Malaysian 
Sites, showed significant Quarterly (P<0.05) variation in mortality. C. malayensis 
recruitment was quantified monthly within quadrats cleared of all fauna. Recruitment 
was observed consistently at all Shores, albeit at varying levels. ANOVA found 
significant Site×Month interaction, and most significant Site variations (SNK: 
P<0.05) occurred in Malaysia where Site variations were not always present 
 v
concurrently at both Shores. The results suggest that local, within-Shore mechanisms 
are more important than regional processes, and varied throughout the year. 
     Vertical patterns of fortnightly and monthly recruitment of Balanus spp. 
were examined in Singapore from March 2004 to March 2005. Vertical distribution of 
recruits was compared to that of established populations to determine whether 
zonation of barnacles is established by recruitment. Two Shores in Singapore, located 
kilometres apart were selected, within which Sites hundreds of metres apart were 
chosen. Perspex recruitment panels were attached at three Levels within the vertical 
range of Balanus spp., and the numbers of recruits found after two and four weeks 
were quantified. The experiment was repeated over one year to determine whether the 
vertical pattern. Vertical variation of fortnightly and four-weekly recruitment 
depended on Site (ANOVA: Level×Site; P<0.05), though the interaction was not 
found in some months/fortnights. The most common vertical pattern of recruit density 
after two and four weeks was low>middle>high – in contrast to the zonation observed 
in adults (highest abundance at middle level). The findings indicated that vertical 
distribution of Balanus spp. on the shores studied is not determined by recruitment.    
This study showed that population and recruitment dynamics of C. malayensis 
and Balanus spp. varied on small spatial scales and within a year. Comparisons on 
larger scales (beyond tens of metres) might be confounded by such local variations. 
Therefore, future studies should be designed with adequate small-scale replication and 
also consider the temporal variability of patterns and processes.      
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CHAPTER 1. General Introduction 
1.1. General ecological background 
A major objective of ecology is to explain the variability of populations and 
communities (Farrell et al., 1991; Carroll, 1996; Benedetti-Cecchi et al., 2000; Delany 
et al., 2003). Mechanisms that structure populations and communities can only be 
determined through experimental manipulations to test competing hypotheses 
(Underwood, 1981; Underwood et al., 2000). As a result of  the ‘rise of 
experimention’ since the 1960s (Connell, 1961a, b; Underwood, 2000), recent 
research on intertidal rocky shores has contributed substantially to the general 
development of ecological theory  (Underwood and Denley, 1984; Roughgarden et 
al., 1988; Menge and Branch, 2001; Benson, 2002). Intertidal rocky shores have been 
intensively utilized for field experiments partly because of their presence along many 
coastlines, accessibility, and the relative ease with which well-replicated experimental 
treatments can be deployed (Roughgarden et al., 1988; Farrell et al., 1991; Lively et 
al., 1993). The abundance of small sessile and slow-moving organisms also allows 
populations and communities to be manipulated systematically to reveal interactions 
within and among species (Connell, 1972; Roughgarden et al., 1988). On the other 
hand, the experimental approach will be fruitful only if it is accompanied with, if not 
preceded by, good descriptive data from which valid models can be derived and tested 
in the field (Underwood, 1981; Lubchenco et al., 1984; Menge and Farrell, 1989; 
Underwood et al., 2000). There is large body of qualitative and quantitative work on 
temperate rocky shore communities (e.g. Oregon, USA (Menge, 2000), Western 
Europe (Jenkins et al., 2001; O'Riordan et al., 2004), also see references in 
(Lubchenco et al., 1984)), enabling the effective development of ecological models.  
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 One of the most described and studied patterns of intertidal habitats is the 
vertical zonation of the benthos (Stephenson and Stephenson, 1949; Lewis, 1964; 
Stephenson and Stephenson, 1972; Menge and Branch, 2001; also see Benson, 2002 
for an historical account), and it formed the basis of some of the first manipulative 
field experiments (e.g. Connell, 1961a, b, 1970; Dayton, 1971; Paine, 1974; 
Underwood and Denley, 1984). Among the major taxa found on rocky shores, 
barnacles are particularly suited for ecological studies (Connell, 1985a; Roughgarden 
et al., 1988; Todd, 1998). They are major space-occupiers of rocky shores worldwide 
(Stephenson and Stephenson, 1949), individual barnacles can be mapped and tracked 
by regular census and natural population densities can be manipulated (Connell, 
1961a, 1985a; Todd, 1998). Using intertidal barnacles as models, early researchers 
derived a series of generalizations on population dynamics – particularly on the 
determination of upper and lower limits of distribution (for reviews see Underwood 
and Denley, 1984; Underwood, 1985; Benson, 2002). Processes acting on adults such 
as predation, competition and mortality from physical factors were emphasized when 
explaining variabilities in abundance and distribution of intertidal populations 
(Connell, 1961a, b; Dayton, 1971), while implications of juvenile mortality in benthic 
marine invertebrates had also been examined (for reviews see Gosselin and Qian, 
1997; Hunt and Scheibling, 1997).  
Nevertheless, the elevation of generalizations from small-scale studies to the 
status of ‘paradigms’ without examination of alternative hypotheses have been 
criticized, and it is widely agreed that early models overlooked the influence of larval 
settlement and recruitment on population and community dynamics (Underwood and 
Denley, 1984; Young, 1987; Sale, 1990; Menge, 2000). Definitions of settlement and 
recruitment vary. Settlement of marine benthic organisms refers to the point when an 
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individual first takes up permanent residence on the substratum (Keough and Downes, 
1982; Connell, 1985a). In the case of the sessile organisms such as barnacles, it is 
when the planktonic larva cements itself to the surface. However, as pointed out by 
Connell (1985a), many studies examining settlement in fact measured recruitment, 
which is subject to the definition of the investigator. Recruitment of a population is a 
combination of settlement and early mortality, and is defined as the number of settlers 
that have survived to be observed (Keough and Downes, 1982; Connell, 1985a). 
Many marine species are open populations with complex two-phase life histories 
consisting of sessile adults and pelagically dispersed larvae (Gaines and 
Roughgarden, 1985; Roughgarden et al., 1985; Roughgarden et al., 1988; Hyder et al., 
2001), and those early models did not consider larval supply to be limiting  
(Southward and Crisp, 1954, 1956; Connell, 1961a, b; Gaines and Roughgarden, 
1985; Roughgarden et al., 1988). Consequently, since the 1980s, there has been 
increasing attention on the importance of settlement and recruitment patterns on the 
distribution of adults (e.g. Underwood and Denley, 1984; Caffey, 1985; Connell, 
1985a; Gaines and Roughgarden, 1985; Menge, 2000; Delany et al., 2003; Jeffery, 
2003), and the term ‘supply-side ecology’ was coined reflecting the growing interest 
(Lewin, 1986; Roughgarden et al., 1987; Young, 1987; Underwood and Fairweather, 
1989).  
‘Supply-side ecology’ was regarded by Young (1987) and Underwood and 
Fairweather (1989) as a renewal of the understanding of the role of recruitment in 
ecology, rather than a novel concept. Similarly, other theories such as those on the 
role of positive interactions have been revived, and efforts have been made to include 
these processes in current models of population and community dynamics (Bertness, 
1989; Bertness and Leonard, 1997; Bruno and Bertness, 2001; Bruno et al., 2003). 
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Recent studies have also directed their research towards comparing the relative 
importance of settlement, recruitment and post-settlement mortality, that is 
investigating whether adult patterns are established at settlement and/or recruitment, 
and if post-recruitment processes such as predation and competition modify those 
patterns (Connell, 1985a; Leonard et al., 1999; Menge, 2000; Delany et al., 2003; 
Jeffery, 2003). Furthermore, with the large amount of empirical data on the vital rates 
of model populations – especially those of intertidal barnacles - accumulated, 
mathematical demographic models integrating settlement patterns were formulated 
(Gaines and Roughgarden, 1985; Roughgarden et al., 1985; Roughgarden et al., 1988; 
Connolly and Roughgarden, 1998; Svensson et al., 2004). Efforts have also been 
made to collect and integrate quantitative data across regions (Jenkins et al., 2000; 
O'Riordan et al., 2004; Jenkins et al., 2005), continents (Kelaher et al., 2004; Schiel, 
2004), latitudinal and climatic gradients (Bertness et al., 1981; Menge and 
Lubchenco, 1981; Brosnan, 1992; Connolly et al., 2001), to generalize patterns and 
processes on large spatial scales.  
The aforementioned studies formed part of an increasing appreciation of scale 
in examining ecological phenomena. Due to the patchiness of natural systems valid 
observations, experiments and generalizations can only be made if the spatial and 
temporal scales at which processes operate are identified (Menge and Farrell, 1989; 
Levin, 1992; Underwood, 1997; Underwood and Chapman, 1998; Benedetti-Cecchi, 
2000, 2001). As discussed earlier, the most commonly studied spatial pattern in the 
intertidal is vertical zonation, less common are experiments looking at horizontal 
variations (Benedetti-Cecchi, 2001; Davidson, 2005), particularly large scale patterns. 
The latter are important in intertidal ecology as pelagic larvae can be long-lived and 
widely dispersed, and therefore subjected to oceanic and climatic influences (Gaines 
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et al., 1985; Lagos et al., 2005). Though it is possible to review existing studies from 
a range of locations (e.g. Connell, 1985a; Menge, 1991), interpretation of results can 
be confounded by differences in methods and scales (Underwood and Fairweather, 
1985; Underwood and Petraitis, 1993; Menge, 2000) – particularly in recruitment 
studies where there are often discrepancies in definitions and methodology (Keough 
and Downes, 1982; Connell, 1985a; Minchinton and Scheibling, 1993a). An ideal 
design should investigate variations at a range of scales simultaneously, using 
identical methods at different locations. A nested or hierarchical sampling design 
enables the examination of variations at different scales and several workers have 
examined local and regional variations in population dynamics and recruitment 
patterns of intertidal barnacles in western Europe using nested analysis of variance 
(ANOVA) (Underwood, 1997; Underwood and Chapman, 1998; Jenkins et al., 2000; 
Jenkins et al., 2001; O'Riordan et al., 2004). The juxtaposition of different studies to 
generalize ecological processes is also problematic when experiments were not 
repeated through time to unconfound temporal variations (Underwood and Petraitis, 
1993; Berlow and Navarrete, 1997). Studies have found within-year (Connell, 1970; 
Raimondi, 1990; Jenkins et al., 2001) and between-year (Lubchenco et al., 1984; 
Minchinton and Scheibling, 1991; Jeffery, 2003) differences in population dynamics 
of intertidal barnacles, therefore a comprehensive sampling programme should also 
take into account temporal as well as spatial scales (Lively et al., 1993; Underwood 
and Petraitis, 1993; Underwood and Chapman, 2000).  
1.2. Rocky shore ecology in the tropics 
While efforts are being made to improve and integrate ecological studies on 
rocky shores, it is apparent that, to date, the majority of the intertidal research have 
been carried out on temperate shores and tropical shores are under-represented in the 
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existing scientific literature (Farrell et al., 1991). This is despite the fact that 
assemblages and populations comparable to temperate rocky shores can be found in 
the tropics, and models based on temperate habitats can be tested on low-latitude 
shores (Bertness et al., 1981; Lubchenco et al., 1984; Menge, 1991; Hutchinson and 
Williams, 2001; Coates, 2002; Chan and Williams, 2003). Therefore apart from 
improving the spatial extent of individual studies, it is also necessary to increase the 
range of habitats and locations in which hypotheses are tested (Underwood and 
Fairweather, 1989; Underwood, 2000; Kelaher et al., 2004). The need for quantitative 
evaluations of ecological processes acting on tropical shores is especially pertinent 
because the limited number of tropical studies have revealed key differences to 
temperate shores.  
Menge and Farrell (1989) defined tropical shores as regions experiencing 
temperatures between 20 to 30oC, though coasts in more temperate areas such as 
Hong Kong have also been described as tropic (e.g. Williams, 1994). Tropical shores 
are commonly characterized by high levels of free space, together with low 
abundance of foliose macroalgae and sessile animals (Menge and Lubchenco, 1981; 
Lubchenco et al., 1984; Brosnan, 1992). Work conducted in the Bay of Panama 
suggested that consumer pressure was significantly more intense in the tropics than in 
temperate regions, though experiments conducted on the Pacific coast of Costa Rica 
revealed otherwise (Menge and Lubchenco, 1981; Lubchenco et al., 1984; Sutherland, 
1990). Disparities in the level of barnacle recruitment between widely separated 
shores were also recorded (Sutherland, 1990). Lubchenco et al. (1984) reported that a 
rocky shore community in the Bay of Panama remained constant over ten years, but 
another assemblage found in Costa Rica was more variable (Ortega, 1987). In 
contrast, the shores of Hong Kong experience a tropical monsoonal climate where the 
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intertidal community changes with the onset of summer and settlement is also 
seasonal (Williams, 1993, 1994; Chan and Williams, 2003). Though limited, such 
studies revealed the spatial and temporal heterogeneity within the tropical region, 
which, together with fundamental differences with temperate shores, necessitate more 
rigorous investigations of ecological dynamics on tropical shores. A survey of 
published literature also shows that systematic experimental studies of tropical rocky 
shores have been confined to central America, Hong Kong and Australia (see above 
for references) – all relatively distant from the equator (studies done in Bay of 
Panama at 9oN were the nearest to the equator) and were often limited to within a 
single shore. Shores of Peninsular Malaysia and Singapore are located at relatively 
lower latitudes and are therefore suited for examining the generality of established 
ecological theories based on experiments in the temperate area, but not previously 
tested at the equator.  
1.3. Aims of this study 
As discussed earlier in this chapter, investigations of ecological processes and 
theories require quantitative information on patterns and distributions. There are 
published descriptions of Malaysian and Singaporean shores (Purchon and Enoch, 
1954; Chuang, 1961; Lee, 1966; Ewing-Chow, 1967; Purchon and Purchon, 1981; 
Leong, 1984). These surveys noted that rocky communities in Malaysia and 
Singapore fitted general zonation schemes of temperate shores and reported that the 
presence of intertidal barnacles Chthamalus and Balanus spp. They were qualitative 
unrepeated surveys (Purchon and Enoch, 1954; Chuang, 1961; Lee, 1966; Ewing-
Chow, 1967) and no workers determined the processes causing the patterns. Though 
Suhaimi (1965) and Yang (1967) conducted short-term preliminary studies on the 
ecology (including recruitment patterns) of intertidal and subtidal Balanus spp.  in 
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Singaporean waters. While the distribution of Chthamalus species on Indo-Malayan 
shores have been recently reviewed (Southward and Newman, 2003).  This research 
used these two species as study models to provide descriptive data on population 
distribution and recruitment dynamics from which scales of variations can be 
identified. The main objectives of this study are to: 
1. Describe the distribution, abundance and mortality rates of the intertidal barnacle 
Chthamalus malayensis over a range of temporal and spatial scales (tens of metres 
to hundreds of kilometres) (Chapter 3). 
2. Examine temporal and spatial patterns of recruitment of C. malayensis and 
Balanus spp. (Chapters 4 and 5). 
Central to this study is the testing of hypotheses on spatial scales of variability 
of distribution and recruitment patterns, and whether the patterns are temporally 
consistent by sampling repeatedly over one year. Specific models and predictive 
hypotheses will be discussed in the Introductions of Chapters 3, 4 and 5. This is the 
first time variability of population densities and recruitment have been tracked on 
shores hundreds of kilometres apart on the west and east coasts of Peninsular 
Malaysia and Singapore over an extended period of time (Chapters 3 and 4), and 
influence of recruitment on determining vertical distribution has been investigated in 
Singapore (Chapter 5) . Comparisons of relative recruitment patterns with adult 
abundance patterns will reveal possible influences of recruitment on the determination 
of barnacle population dynamics, and facilitate subsequent development and testing of 
explanatory models of causal mechanisms.   
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CHAPTER 2. General Methods 
2.1. Rocky shores of southern Peninsular Malaysia and Singapore 
The west coast of Peninsular Malaysia faces the Straits of Malacca while the 
shores on the east coast of the Peninsula face the South China Sea (Figure 2.1). 
Singapore is located at the tip of the Peninsula, from which it is separated by the 
Johore Straits, and the southern coast faces the Singapore Straits (Figure 2.2). The 
shores of the region experience semi-diurnal tides with tidal ranges of approximately 
3m. Chuang (1961) noted that there are relatively few ‘pure rocky shores’ along the 
Peninsular Malaysian and Singaporean coasts, and rocky shores usually occur in 
patches in mainly sandy and/or muddy habitats (see Purchon and Enoch, 1954; 
Chuang, 1961; Lee, 1966; Ewing-Chow, 1967; Tan, 1995 for qualitative description). 
While many rocky shores on the Peninsula described in earlier studies (e.g. Chuang, 
1961) remain today, much of Singapore’s coastline have been modified through 
extensive reclamation, particularly along the southern coast (Hill, 1973; Tan, 1995). 
The southern coastline consists mainly of concrete seawalls and granite breakwaters 
and artificial sandy beaches, though natural rocky habitats can still be found on 
offshore islands and at Labrador Beach and Changi Point on the mainland (Figure 




Figure 2.1 Map showing study sites in southern Peninsular Malaysia. RS: Tanjong Resang; LM: 
Tanjong Leman; BL: Blue Lagoon; PL: Tanjong Pelandok. 
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Figure 2.2 Map showing study sites in Singapore.  SJ: St. John’s Island; ECP: East Coast Park; 
PR: Pasir Ris; CG: Changi Point.  
2.2. Climate of Peninsular Malaysia and Singapore 
Peninsular Malaysia and Singapore experience an equatorial, monsoonal 
climate. The east coast of the Peninsula is exposed to the north-east monsoon that 
occurs from November to February of the following year while the west coast 
experiences the south-west monsoon from May to September (see Chuang, 1961; 
Nieuwolt, 1973; Ooi and Chia, 1974; Chua, 1984 for details). As Singapore is located 
on the southern tip of the Peninsula, it is affected by both monsoons annually. The 
coastal oceanography, prevailing winds and rainfall of the area are strongly influenced 
by monsoons, though Sumatra shelters the west coast and Singapore from strong 
waves during the south-west monsoon (Tan, 1995). Ambient air and water 
temperatures are not significantly affected. Data provided by the Malaysian and 
Singaporean Meteorological Services indicated that monthly mean air temperature 
near the study sites ranged from 26oC to 29 oC  from August 2003 to July 2004 
(Figure 2.3). Surface water temperatures are also relatively constant, fluctuating 
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Port Dickson Mersing St. John's Island
 
Figure 2.3 Mean monthly dry bulb temperatures at Port Dickson, Mersing and St. John's Island. 
2.3. Study organisms 
  Chthamalus malayensis Pilsbry (Figure 2.4) and Balanus spp. (Figure 2.5) 
were chosen as models for this study as they are the main space occupiers along the 
middle and upper intertidal on the shores of the region (personal observations; 
Purchon and Enoch, 1954; Lee, 1966; Ewing-Chow, 1967), and occurred in sufficient 
densities for population and recruitment studies. Southward and Newman's (2003) 
review of Chthamalus barnacles in the region indicated that the Chthamalus species 
found intertidally in Peninsular Malaysia and Singapore is Chthamalus malayensis, 
which is also distributed throughout the Indo-west Pacific. Compared to temperate 
species of Chthamalus, relatively little research has been conducted on C. malayensis, 
though some work on its ecology and biology have been published in recent years 
(Yan and Chan, 2001; Coates, 2002; Yan and Miao, 2004; Koh et al., 2005). The 
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majority of Balanus species found on intertidal rocky shores and breakwaters in 
Singapore are B. amphitrite, while other species (B. cirratus and B. reticulatus on the 
lower intertidal) have also been found to occur within the same habitats (pers. comm. 
Cai Y.X.; Suhaimi, 1965; Yang, 1967; personal observations). B. amphitrite is a 
circumtropical fouling species, which extends up to temperate waters (Fernando, 
1999). As B. amphitrite is a major biofouler, extensive research has been directed 
towards investigating the species’ mechanisms of settlement, development and 
reproduction (e.g. Rittschof et al., 1984; Anil et al., 1995; Khandeparker et al., 2002; 
Thiyagarajan et al., 2003a; Desai and Anil, 2004), though many of the studies were 
carried out on subtropical/temperate shores or in the laboratory (but see Suhaimi, 
1965; Yang, 1967; Ng et al., 2005 for work on Singaporean waters; and Fernando, 
1999 for a review on reproduction of tropical species).  
 
Figure 2.4 Chthamalus malayensis adults. 
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Figure 2.5 Balanus spp. adults. 
Chthamalus and Balanus spp. have been observed to exhibit vertical zonation 
on temperate shores (Connell, 1961b; Stanley and Newman, 1980; Wethey, 1983b), 
but co-occurrence of the two genera was only reported by Lee (1966) and observed at 
East Coast Park and Changi Point (see later section for description of study sites) 
among the sites investigated for this project. While chthamalid and balanid 
metamorphs could be distinguished in the field using a 20× microscope, and the 
former identified as C. malayensis (Figure 2.6), the Balanus (Figure 2.7) metamorphs 
could not be identified to species. Therefore, for this study, any balanid barnacles 
found will be generally regarded as Balanus spp. C. malayensis were found on shores 
separated on an appropriately large scale (hundreds of kilometres) therefore 
facilitating the study of horizontal patterns (Chapters 3 and 4). As preliminary studies 
found Balanus spp. recruitment to be relatively greater and more consistent than C. 
malayensis in Singapore (see Results in Chapter 4 and 5), the former was chosen to be 
the model organism used for investigations of vertical recruitment patterns on a local 
scale in Singapore (Chapter 5).  
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Figure 2.6 Chthamalus malayensis metamorph (<1 month old). 
 
Figure 2.7 Balanus spp. metamorph (< 1 month old). 
2.4. Study sites and general sampling design 
As the experimental designs used for all aspects of this study are similar in 
logic, they will be presented together in this section, with additional information 
provided in the Methods section of the relevant chapters. Hierarchical designs were 
employed to examine C. malayensis and Balanus spp. population and recruitment 
dynamics across at least two spatial scales (Table 2.1). The study Sites, Shores and 
Coasts were chosen to represent areas separated by the 10/100s m, 1-10s km and 100s 




1997). For the same reason, only well drained, opened substrata were considered for 
sampling, avoiding particularly crevices, rock pools and shaded areas. Appropriate 
temporal replication is crucial to interpreting temporal patterns without confounding 
(Underwood and Petraitis, 1993; Underwood, 1997), moreover, Minchinton and 
Scheibling (1993a) reported that estimates of Semibalanus balanoides Linnaeus 
recruitment were influenced by variations in sampling interval as a result of post-
recruitment mortality. The minimum sampling interval was decided to be one month 
(e.g. from one full moon to the next; Table 2.1), allowing larger temporal patterns 
(such as seasonal changes (Underwood, 1997)) to be detected while enabling widely 
separated coasts to be sampled around the same period.      










C. malayensis density 3 (10s m) 3 3 - 3 mo (Quarter)
C. malayensis mortality 3 (10s m) 3 3 - 3 mo (Quarter)
C. malayensis recruitment 3 (10s m) 3 3 - 1 mo
Balanus spp. recruitment 3 (100s m) 3 - 3 2 wk, 4 wk 
Spatial scale Temporal 
scalePattern investigated
 
C. malayensis patterns were examined over three spatial scales from August 
2003 to August 2004 in Malaysia and Singapore. Sites (2 at each Shore, A and B) 
were nested in Shores (2 along each Coast), which in turn were nested within Coasts 
(3) (Figures 2.1, 2.2, 2.8-2.13, Table 2.2). All shores are natural rocky shores - except 
East Coast Park in Singapore, which consists of granite breakwaters - with an 
abundance of C. malayensis (see Chapter 3 for distribution patterns). Sampling was 
carried out at all Sites during full-moon spring low tides in monthly or three-monthly 
intervals (Quarters) over the year, therefore the factor of time (4 levels for density and 
mortality analyses; 12 levels for recruitment data) was fixed and orthogonal with Site, 
Shore and Coast.   
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Table 2.2 Locations of C. malayensis study sites. 
Coast Shore (denoted in Figures 2.1 and 2.2) Coordinates
Blue Lagoon (BL; Figure 2.8) 2o25'N 101o51'E
Tanjong Pelandok (PL; Figure 2.9) 2o25'N 101o53'E
Tanjong Resang (RS; Figure 2.10) 2o35'N 103o48'E
Tanjong Leman (LM; Figure 2.11) 2o09'N 104o00'E
East Coast Park (ECP, Figure  2.12) 1o18'N 103o56'E






Figure 2.8 Blue Lagoon on the West Coast of Peninsular Malaysia. 
 
Figure 2.9 Tanjong Pelandok on the West Coast of Peninsular Malaysia. 
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Figure 2.10 Tanjong Resang on the East Coast of Peninsular Malaysia. 
 
Figure 2.11 Tanjong Leman on the East Coast of Peninsular Malaysia. 
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Figure 2.12 Breakwater at East Coast Park on the southern Coast of Singapore.  
 
Figure 2.13 Rocky shore on St. John’s Island of the southern Coast of Singapore. 
For a year (March 2004 – March 2005) Balanus spp. recruitment was sampled 
at two Sites (C and D; and an additional Site E 100s of metres from Site D was used 
for studies on tidal rates of recruitment) replicated on each of two Shores (Pasir Ris 
and Changi Point) - along the northern coast of Singapore facing the western Johore 
Straits – at 3 Levels within the distribution limits at each site (additional fixed factor 
of Level, orthogonal with Site and Shore) (Figure 2.2; Table 2.3). Changi Point is a 
natural rocky shore (Figure 2.15) while barnacles were found on granite breakwaters 
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at Pasir Ris (Figure 2.14). The importance of early recruitment pattern as a predictor 
of subsequent variations were investigated by sampling at two temporal scales (two 
and four weeks respectively). As the hypotheses tested in this portion of the study (see 
Introduction of Chapter 5) did not involve the relative levels of recruitment of 
sampling periods (fortnight and month), time will not be a factor in the statistical 
analyses - recruitment patterns of each fortnight and month will be analysed 
separately.  
Table 2.3 Locations of Balanus spp. study sites. 
Coast Shore (denoted in Figure 2.2) Coordinates
Pasir Ris (PR; Figure 2.12) 1o24'N 103o59'E




Figure 2.14 Breakwater at Pasir Ris.  
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Figure 2.15 Rocky shore at Changi Point.  
2.5. Sampling methodology 
2.5.1. Demographic studies 
Due to the relatively large size of barnacle cyprids and metamorphs and their 
sessile nature, individuals in populations are commonly tracked photographically, by 
taking photos of fixed quadrats over time (e.g. Gaines and Roughgarden, 1985; 
Sutherland, 1990; Jeffrey and Underwood, 2001; Jenkins et al., 2001; Delany et al., 
2003). Densities and mortality rates of C. malayensis were quantified by analyzing 
digital photographs of permanently marked quadrats taken 3 months apart. Details of 
the methodology will be discussed in Chapter 3.   
2.5.2. Recruitment studies 
2.5.2.1. Definition 
It is useful to recall the definition of settlement and the operational definition 
of recruitment that will be used for this study (discussed in Chapter 1). Settlement 
refers to the point when a cyprid larva first takes up permanent residence on the 
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substratum whereas recruitment of a population is a combination of settlement and 
early mortality, and recruitment is defined as the number of settlers that have survived 
to be observed (Keough and Downes, 1982; Connell, 1985a). Strict adherence to the 
former will dictate that the number of attached individuals be counted as soon as they 
are attached, though various workers have used the number of individuals observed 
up to 30 days after settlement (e.g. Caffey, 1985; Jeffery, 2003) to estimate settlement 
rates. Given that an intertidal habitat can only be accessed during low tide, Connell 
(1985a) reckoned tidal or daily census (e.g. Gaines and Roughgarden, 1985; Bertness 
et al., 1996; Cruz, 1999; Cruz et al., 2005) will provide the optimal measurements. 
Other researchers (e.g. Delany et al., 2003; Lagos et al., 2005) regarded the number of 
cyprids attached as an indicator of settlement. However, Balanus spp. have been 
found to metamorphose within a single high tide (approximately 12 hours) in 
Singapore (see Results in Chapter 5). Therefore counts of cyprids from this study 
would have resulted in an underestimation of settlement, and all cyprids and 
metamorphs observed was considered as recruitment.   
2.5.2.2. Sampling of recruits 
Three common methods of quantifying recruitment are:  
1. Counting the number of recruits within natural populations of adult barnacles (e.g. 
Jenkins et al., 2000; Delany et al., 2003; Jeffery, 2003). 
2. Counting the number of recruits in areas scraped clear of natural adult populations 
(e.g. Minchinton and Scheibling, 1993a; O'Riordan et al., 2004); also see Connell, 
1985a for earlier studies).  
3.  Using panels (made from natural rock and artificial materials) set out on the 
shore, onto which cyprid larvae will attach and be counted as recruits (e.g. 
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Strathmann and Branscomb, 1979; Raimondi, 1990; Farrell et al., 1991; Hills and 
Thomason, 2003).  
The second method was used to quantify recruitment of C. malayensis in 
Malaysia and Singapore (see Methods in Chapter 4). The first method could not be 
used because juveniles of C. malayensis could not be aged accurately, therefore 
existing barnacles have to be removed completely to ensure that recruitment observed 
was the result of the previous month’s arrival. Moreover, conspecifics and free space 
availability have been shown to influence settlement (Knight-Jones, 1953; Gaines and 
Roughgarden, 1985; Bertness et al., 1992; Minchinton and Scheibling, 1993b; Pineda 
and Caswell, 1997; Jeffery, 2002), so measuring recruitment within areas free of 
conspecifics and with identical free space (i.e. 100%), the possibility of confounding 
of the main factors under investigation by the abovementioned influences was 
reduced.  
Various workers suggested that rock types and surface textures have 
significant influence on barnacle settlement behaviour and subsequent recruitment 
patterns (Raimondi, 1988b; Hills and Thomason, 1998; Berntsson et al., 2000; 
Faimali et al., 2004; Guidetti et al., 2004), therefore the first two approaches do not 
preclude the effects of varying substrate types. Artificial panels were used to examine 
vertical patterns of Balanus spp. recruitment to remove the possible confounding 
factors due to substrate differences. Moreover, even though the additional factor of 
tide level increases the total number of samples, and the number of replicates was not 
limited by the time available to count or collect recruits in situ at each low tide (as in 
the case of C. malayensis), because recruitment panels could be transported back to 
the laboratory for counting. Nevertheless, results on recruitment pattern have to be 
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interpreted with caution as recruitment on artificial substrata may not fully represent 
natural conditions (McGuinness, 1989).  
2.6. General statistical analyses 
All data were analysed using Analysis of Variance (ANOVA) with GMAV5 
for Windows (Institute of Marine Ecology, Sydney, Australia). Cochran’s test (Winer, 
1971) was used to test for heterogeneity of variances and where necessary, data were 
transformed. When variances were heterogeneous even after transformation, ANOVA 
was performed on untransformed data, because in large, balanced designs, such as the 
ones used in this study, Cochran’s test and ANOVA have been found to be over-
sensitive and robust respectively to departures from the homogeneity of variance 
assumption (McGuinness, 2002). However, significant results from data with 
heterogeneous variances have to be viewed with caution due to the increased 
probability of type I error (Underwood, 1997). When significant interactions were 
detected by ANOVA, results of higher level interactions, interactions between factors 
higher up on the hierarchy (e.g. Shore is higher up on the hierarchy than Site) and 
main effects should not be interpreted as effects of nested factors (e.g. Site nested in 
Shore) depend on specific levels of orthogonal factors (e.g. time) (Underwood, 1997). 
Post-hoc multiple comparisons tests on significant interactions and main effects were 
done with Student-Newman-Keuls (SNK) tests.  
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CHAPTER 3. Spatial and Temporal Variation in the Density 
and Mortality of Chthamalus malayensis  
3.1. Introduction 
As mentioned in the General Introduction, many aspects of population ecology 
of intertidal barnacles have been intensively investigated in the temperate regions. 
There is extensive literature on distribution patterns (Southward and Crisp, 1954; 
Benedetti-Cecchi et al., 2000; Jenkins et al., 2001; Wares and Castaneda, 2005), 
size/age structure (Hyder et al., 1998; Benedetti-Cecchi et al., 2000; Jenkins et al., 
2001), growth rate (Wethey, 1983a; Crisp and Bourget, 1985; Jenkins et al., 2001), 
and mortality (Benedetti-Cecchi et al., 2000; Hyder et al., 2001; Jenkins et al., 2001). 
Deterministic (Roughgarden et al., 1985; Hyder et al., 1998; Hyder et al., 2001) and 
stochastic (Svensson et al., 2004) population models have been applied to barnacle 
populations to predict effects of variations in recruitment, growth and mortality on 
population structure. Hyder et al. (1998, 2001) extended Roughgarden et al.'s (1985) 
demographic model based on a local system in California, to other species of 
barnacles, and on larger geographic scales. Fundamental differences between tropical 
and temperate shores described in the General Introduction, such as increased 
predation pressure and lack of macroalgae, can have a potentially significant influence 
on population dynamics, but comparable efforts on tropical populations would have 
been hindered, to date, by the lack of comprehensive empirical data on vital rates. 
Though barnacles have been noted to be common on the coasts of Malaysia and 
Singapore (Purchon and Enoch, 1954; Suhaimi, 1965; Lee, 1966; Yang, 1967; Lam, 
1980; Low et al., 1991), hence making them suitable models for demographic studies 
of equatorial barnacles, the relative patterns of distribution and densities of the 
various populations were not known.  
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Natural populations fluctuate in densities at certain scales of space and time 
more than at others, therefore information on the scales of variability will improve the 
precision of predictions of ecological phenomena  (Underwood and Chapman, 1996; 
Benedetti-Cecchi, 2001). Likewise, processes acting over a large spatial and temporal 
scale can only be detected by examining populations over a similar range. It is 
apparent by now that numerous aspects of barnacle ecology and biology have been 
the subject of research, however relatively little has been done on the multiscale 
spatial variability of adult population dynamics (but see Bertness et al., 1991; 
Benedetti-Cecchi et al., 2000; Hyder et al., 2001; Jenkins et al., 2001). More common 
are adult population studies limited to a single shore or coast. Carroll (1996) 
examined population dynamics of the intertidal barnacles Semibalanus balanoides at 
two sites 200m apart on the Alaskan coast while Range and Paula (2001) surveyed the 
distribution and recruitment of Chthamalus spp. on two shores separated by 10kms 
apart on the central coast of Portugal. Existing studies of tropical intertidal systems 
are very limited as well. Among the work carried out in central America, Lubchenco 
et al. (1984) studied a 1km section of the Bay of Panama (though it was a very 
detailed study of the entire community) and Sutherland (1990) studied demography 
regulation of barnacles on a single headland on the Pacific coast of Costa Rica. More 
recently, Chan and Williams (2004) investigated populations of Tetraclita spp. on two 
shores about 5km apart on Hong Kong island.   
Jenkins et al. (2001) examined various population parameters of Semibalanus 
balanoides on the rocky shores of Sweden, Ireland and Isle of Man separated by 
hundreds of kilometers with a nested design to detect variability of population 
dynamics on multiple scales. They found significant variations of densities and 
mortality on the largest and smallest scales due to differences between Sweden and 
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the other lower-latitude locations. As the environmental conditions of Sweden’s 
coasts were considerably different from those of Ireland and Isle of Man, physical 
and, indirectly, biological, factors were likely causes of the observed patterns.  
Given the seasonal nature of temperate climates, intra-annual variations of 
barnacle population dynamics have been considered and quantified by many studies, 
particularly in areas where there are annual turnovers of populations (e.g. Connell, 
1970; Bertness, 1989; Lively et al., 1993; Jenkins et al., 2001). On the other hand, 
Lubchenco et al. (1984) suggested that the relatively constant physical environment of 
the tropical Bay of Panama, resulted in a persistent rocky intertidal community. 
Nevertheless, strong seasonality is exhibited by barnacles on the Gulf of Guinea 
600km north of the equator (John et al., 1992) and the subtropical shores of Hong 
Kong (Williams, 1993, 1994; Chan and Williams, 2003).  
3.1.1. Objectives 
On equatorial shores such as Singapore and Malaysia, where climatic 
conditions are relatively constant, intertidal populations are likely to be similar and 
relatively stable – though the annual monsoons may influence temporal patterns. The 
objectives of this part of the study are: 
1. Quantify the spatial variation of the densities and mortality rates of Chthamalus 
malayensis over three spatial scales (tens of metres, kilometers to tens of 
kilometers and hundreds of kilometers);  
2. Examine whether the spatial patterns are consistent temporally over 4 three-month 
periods (quarters) 
The hypotheses based on the modification of (Jenkins et al., 2001) model predict that 
population densities and mortality of C. malayensis would not differ over all three 
spatial scales. As replicate shores and sites were chosen to be similar in observed 
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physical and biotic characteristics, temporal patterns (if any) were expected to be 
similar at those scales. Temporal variations would most likely occur on the scale of 
coasts as the three coasts experience monsoons at varying times of the year, resulting 
in significant interaction between quarter and coast.   
3.2. Survey design and methods 
Sampling of C. malayensis was carried out from August 2003 to August 2004 
using a nested design at locations on the west and east coasts of Peninsular Malaysia 
and the southern coast of Singapore (2 Shores nested in each Coast; 2 Sites nested in 
each Shore; details in Chapter 2, Tables 2.1 and 2.2). Beginning in August 2003 each 
shore was sampled within a single low tide within 5 days of either side of the full 
moon. Three replicate quadrats of natural barnacle populations were photographed 
with a 5 megapixel digital camera at each site for each quarter (each month period). 
At the beginning of each quarter (August and November 2003, February and May 
2004), three 5cm×5cm quadrats representative of the C. malayensis zone were chosen 
within an area 1-4m2 at each site. Holes were drilled into the rock onto which a 
5cm×5cm quadrat could be placed, so that the replicates could be relocated 3 months 
later to be photographed again. All digital photos were analysed using image analysis 
software (Micro Image, Media Cybernetics, 1998). All C. malayensis individuals 
were counted and the presence of the individuals determined using photographs taken 
3 months later. Percentage mortality of each replicate quadrat was calculated from the 
data. Quarterly variations of population densities were analysed by using only 
quadrats first photographed at the beginning of each quarter as replicates, so that all 
data points were independent.  
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3.3. Data analysis 
The data were analysed by four-factor mixed-model analysis of variance 
(ANOVA) as described in Chapter 2. Cochran’s tests indicated that variances of both 
the density and mortality data were homogeneous (P>0.05), and therefore required no 
transformation.  
3.4. Results 
3.4.1. Spatial and temporal variations of C. malayensis abundance 
Quarterly variations of C. malayensis abundance interacted highly 
significantly with between-Site patterns (Table 3.1; P<0.001). As the variability 
between Sites depends on the quarter examined, barnacle abundance could not be 
averaged across Sites to test for the main effects (Shore, Coast and time) and their 
interactions in ANOVA (Underwood, 1997). Figure 3.1 shows the mean densities of 
barnacles at the beginning of each Quarter. It appears that between Shore and Coastal 
differences are not consistent throughout the year as well. It is also apparent the 
densities C. malayensis on Singaporean Shores ranked consistently lowest, though the 
populations in Singapore also appeared to fluctuate the least. SNK tests within the 
Quarter×Site interaction revealed significant Site differences only on Malaysian 
Shores, and most frequently on the East Coast (Table 3.2). Significant Site differences 
(P<0.05) were recorded throughout the year at Tanjong Resang (RS), in contrast to 
Singaporean Shores where no differences were detected.  Similarly, multiple 
comparisons showed that significant differences among Quarters occurred only on 
Malaysian Sites and not all Sites were found to vary over the year (Table 3.3). The 
rank order of Quarters varied from site to site and only Site A of Blue Lagoon (BL) 
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showed a consistent decreasing trend while populations in Site B of Tanjong Pelandok 
(PL) and Site A of Tanjong Resang increased in density.  
The differing temporal patterns of the Sites of Blue Lagoon and Tanjong 
Pelandok were also reflected by Shore-scale trends (Figure 3.1). Temporal changes 
appear similar on both shores on the East Coast, where there was an increase from 
August 2003 to November 2003, followed by a drop three months later, and then an 
increase from February to May 2004. However, maximum abundance was observed at 
Tanjong Resang in May 2004 (282±18.2 recruits per 25cm2), while the population 
peaked in November 2003 at Tanjong Leman (LM) (223±42.4 recruits per 25cm2; 
Figure 3.1). Compared to the temporal patterns found in Malaysia, there were no 
noticeable peaks in the densities of C. malayensis in Singapore (Figure 3.1), but there 
were also Shore differences, whereby a dip recorded in February 2004 (26±1.5 
































Aug '03 Nov '03 Feb '04 May '04
 
Figure 3.1 Mean number of C. malayensis (±SE) at the beginning of each Quarter. Data are 
averages calculated from replicate quadrats pooled from 2 sites within each shore (n=6). 
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Table 3.1 ANOVA of C. malayensis densities (n=3) at 3 spatial scales and over four Quarters 
from August 2003 to August 2004. Data are numbers of barnacles per 25cm2. ns: P> 0.05; *: 
P<0.05; **: P<0.01; ***: P<0.001. 
Source df MS F P F -test over
Quarter = Q 3 12270.14 0.96 ns Q×CO
Coast = CO 2 235408.34 5.72 ns SH(CO)
Shore(Coast) = SH(CO) 3 41153.13 7.68 * SI(COXSH)
Site(Shore(Coast)) = SI(COXSH) 6 5359.07 7.01 *** RES
Q×CO 6 12784.71 0.96 ns Q×SH(CO)
Q×SH(CO) 9 13358.43 1.23 ns Q×SI(SH(CO))
Q×SI(SH(CO)) 18 10889.49 14.25 *** RES
Residual = RES 96 763.96
Total 143  
Table 3.2 Occurrence of significant variation of C. malayensis density between sites as detected 
by SNK tests of Quarter×Site(Shore(Coast) interaction. ns: P>0.05; *: P<0.05. 
BL PL RG LM ECP SJ
August '03 * ns * * ns ns
November '03 ns ns * * ns ns
February '04 * * * ns ns ns







Table 3.3 Sites where significant variation of C. malayensis density and percentage mortality 
among Quarters were detected by SNK tests of Quarter×Site(Shore(Coast) interaction. ns: 
P>0.05; *: P<0.05. 
A B A B A B A B A B A B
Density * * ns * * * * ns ns ns ns ns
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3.4.2. Spatial and temporal variations of C. malayensis percentage mortality 
There was a significant interaction between Quarter and Site (Table 3.4, 
P<0.05). For the same reasons given in the previous section, ANOVA of interactions 
between quarter and shore and coast, and main effects will not be interpreted. Shore 
and Coastal mortality rates also seem to throughout the year, and the temporal trends 
differ among between Shores and among Coasts (Figure 3.2). Multiple comparisons 
of the Quarter×Site interaction showed that significant Site variations of percentage 
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mortality (P<0.05) can be found on three of the Malaysian Shores at different times of 
the year, while between-Sites mortality rates were similar in Singapore (Table 3.4). 
Examination of temporal patterns of each Site showed significant quarterly changes of 
mortality rates were more common on the West Coast (three out of four Sites) than on 
the East Coast in Malaysia and Singapore (one out of four on each Coast)  and the 
ranking of quarterly percentage mortality differed between Sites within Shores (Table 
3.3).  
There also appeared to be differences between Shores. Mortality rate increased 
from in the second Quarter at Blue Lagoon and remained stable, while there was a dip 
in the same period at Tanjong Pelandok followed by increases over the next 6 months. 
The two Shores on the East Coast exhibited different trends, whereby mortality rate 
decreased over the first three quarters followed by an increase Tanjong Resang, and 
the opposite was observed at Tanjong Leman. On the other hand, temporal changes 
appear to be similar between Singaporean shores, with a peak in the second Quarter, 
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Figure 3.2 Mean  percentage mortality (±SE) of C. malayensis in 5cm×5cm quadrats for each 
Quarter. Data are averages calculated from replicate quadrats pooled from 2 sites within each 
shore (n=6). 
 
Table 3.4 ANOVA of C. malayensis percentage mortality (n=3) at 3 spatial scales and over four 
Quarters from August 2003 to August 2004. Data are percentage mortality of barnacles per 
25cm2. ns: P> 0.05; *: P<0.05; **: P<0.01; ***: P<0.001. 
Source df MS F P F -test over
Quarter = Q 3 705.37 0.66 ns Q×CO
Coast = CO 2 3861.19 5.15 ns SH(CO)
Shore(Coast) = SH(CO) 3 749.80 0.63 ns SI(COXSH)
Site(Shore(Coast)) = SI(COXSH) 6 1190.75 9.03 *** RES
Q×CO 6 1190.30 0.94 ns Q×SH(CO)
Q×SH(CO) 9 1262.35 2.11 ns Q×SI(SH(CO))
Q×SI(SH(CO)) 18 599.17 4.54 *** RES
Residual = RES 96 131.85
Total 143  
Table 3.5 Occurrence of significant variation of C. malayensis density between sites as detected 
by SNK tests of Quarter×Site(Shore(Coast) interaction. ns: P>0.05; *: P<0.05. 
BL PL RG LM ECP SJ
August '03 - November '03 ns ns ns * ns ns
November '03 - February '04 * ns ns * ns ns
 February '04 - May '04 * ns * * ns ns










This year-long demographic study showed that abundance and mortality rate 
of Chthamalus malayensis are patchy within the shores surveyed. However, 
patchiness on the scale of Site was not consistent across Shores and over time as 
evident from the significant Quarter×Site interaction in both analyses. Therefore, the 
results reject the hypotheses predicting the absence of significant  temporal and spatial 
variations proposed in the Introduction. Variability of intertidal barnacle abundance 
and mortality between and within shores (1-10 kilometres long) has been found on 
both tropical (Lubchenco et al., 1984; Sutherland, 1987; Coates, 1995; Chan et al., 
2001)  and temperate coasts (Underwood, 1981; Benedetti-Cecchi et al., 2000; 
Pannacciulli and Relini, 2000; Delany et al., 2003). Similarly well-replicated 
experiments on the distribution of intertidal gastropods on the rocky shores of New 
South Wales showed that patchiness can occur on scales as small as centimetres to a 
metre and abundance at a single site (Underwood and Chapman, 1996; Olabarria and 
Chapman, 2001). Underwood and Chapman (1996) commented that much of the 
variability on rocky shores is at very small scales. Similar to the findings from New 
South Wales, the population distribution of C. malayensis on Singaporean shores may 
occur at scales smaller than the resolution of this study. 
Though coastal differences are confounded by Site differences when variation 
at such a small scale exists, there were some apparent Coastal patterns. Not only were 
population densities on Singaporean Shores generally lower than those in Malaysia, 
barnacle abundances and mortality in Singapore did not vary at the smallest spatial 
scale nor were there significant temporal fluctuations for both population parameters 
(except for the percentage mortality in the first quarter at East Coast Park’s Site A). 
Other multi-scale investigations on intertidal barnacles suggest that the spatial scales 
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of variability depend on location and species, though variability on regional and 
within-Shore scales appear common as well. Semibalanus balanoides densities and 
mortality in Europe were significant at the largest scale of hundreds of kilometres and 
smallest scale of tens of metres (Jenkins et al., 2001). Jenkins et al. (2001) obtained a 
regional pattern similar to the present findings, whereby differences in population 
parameters among sites did not occur at all locations. Densities of Tesseropora rosea 
have also been found to vary among seven shores spread over 555km in New South 
Wales and on a smaller scale of sites (20-50m apart). Tropical rocky shores are also 
generally described to have low densities of sessile animals such as barnacles, which 
are often found in dense continuous sheets on temperate shores (Lewis, 1964; 
Stephenson and Stephenson, 1972; Menge and Lubchenco, 1981; Menge, 1991), 
however workers on different coasts have reported greatly varying densities among 
lower-latitude shores. Lubchenco et al. (1984) found maximum coverage of barnacles 
to be <10% in the Bay of Panama, while Chthamalus fissus were found to occupy 
>50% of the mid-to-high intertidal zone of the Pacific coast of Costa Rica 
approximately 1000km away (Sutherland, 1990). Though, densities on the three 
Coasts investigated were similar, personal observations of C. malayensis at the study 
sites indicated that percentage of barnacle cover in barnacle dominated zones differed 
considerably among shores, with a maximum 100% at Tanjong Resang on the 
Malaysian West Coast, where distinct belts of C. malayensis formed on boulders. 
Coates (2002) also found coverage of the same species, comparable to that of 
temperate barnacles, at Great Keppel Bay, Australia, just north of the Tropics of 
Capricon. 
Contrary to the predictions made in the Introduction, significant Quarterly 
differences in densities and mortality were detected at certain Sites. To date, this and 
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other tropical studies (Sutherland and Ortega, 1986; Ortega, 1987; Sutherland, 1990; 
Coates, 1995) have found that stability of intertidal populations exhibited by C. fissus 
on the Bay of Panama (Lubchenco et al., 1984) cannot be generalized across the 
tropics for chthamalids. As temporal variations on all Coasts examined vary from Site 
to Site in the present study, temporal changes were unlikely to be due to the 
monsoonal climate, as otherwise all Sites on a single Coast would have displayed 
similar trends. Lubchenco et al. (1984) found variations in barnacle mortality between 
wet and dry seasons on a shore in the Bay of Panama, but the pattern was not 
consistent annually. The demographic fluctuations found on tropical shores by the 
aforementioned studies were not regular on a larger temporal scale, in contrast to 
temperate populations where there are distinct within-year seasonal changes. Most 
striking are shores where barnacle populations turn over annually (San Juan Island in 
Washington state, USA (Connell, 1970); New England (Bertness, 1989); Sweden 
(Jenkins et al., 2001)). Besides oscillations in dominance of barnacles, vertical 
patterns of distribution have also been shown to change over time (Underwood et al., 
2000). The absence of temporal variation suggests that change in vertical distribution 
was unlikely. Interactions between spatial patterns and temporal trends have also been 
reported by a relatively small group of workers who considered both spatial and 
temporal variability. Range and Paula (2001) found Chthamalus spp. densities to vary 
differently among shores tens of kilometres apart. On the other hand, Jenkins et al. 
(2001) did not find any such interactions for half-yearly mortality and growth rates of 
S. balanoides.  
Biological and abiotic factors can interact to generate spatial and temporal 
patterns, and often on multiple scales (Underwood and Petraitis, 1993; Benedetti-
Cecchi et al., 2000). While it is most likely that differences between Sites and among 
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Quarters detected in Malaysia were the result of local processes (rather than regional 
ones) interacting in space and time, similar patterns (such as those of mortality and 
abundance among Singaporean sites) can also be due to different influences (Menge, 
1976; Underwood and Denley, 1984; Menge, 1991). Variations in densities can be the 
consequence of differences among populations from the point of recruitment or at 
later stages as a result of variable mortality. Likewise, any increase in abundance can 
only be due to recruitment (influenced by another set of factors as discussed in 
Chapter 4), while decrease in abundance (mortality) can be due to many other factors, 
such as competition, predation, physiological stress (Menge, 1991). Menge (1991) 
listed adult mortality as a possible cause of differences in distribution pattern of 
sessile species. While it is clear that C. malayensis mortality and abundance varied at 
similar scales throughout the study in Singapore, the link between the two 
demographic parameters are more equivocal on Malaysian shores. Discrepancies in 
Quarterly changes of barnacle density and mortality rate, suggest that recruitment is 
another important factor in population dynamics. On the other hand, as recruitment 
during the study period (see Results in Chapter 4) was not always accompanied by 
increases in abundance, the interplay between recruitment and mortality has to be 
investigated further.  
Many workers have shown recruitment to be an important determining factor 
of population distribution on local scales (e.g. Gaines and Roughgarden, 1985; 
Bertness, 1989; Menge, 2000; Jeffery, 2003). Connell (1985a) and Menge and Farrell 
(1989) reviewed studies that have shown within-Site correlation between recruit and 
adult abundance of barnacles, and subsequently findings from tropical Central 
American (Sutherland, 1990; Menge, 1991) and temperate (e.g. Carroll, 1996; Sousa 
et al., 2000; Underwood and Chapman, 2000; Range and Paula, 2001; Jeffery, 2003; 
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Noda, 2004) shores have also reinforced the ‘recruit-adult hypothesis’ (Menge, 2000). 
However, the influence of recruitment on demographic patterns may also vary with 
the intensity of recruitment (Underwood and Denley, 1984; Connell, 1985a; Gaines 
and Roughgarden, 1985; Menge, 2000).   
Though recruitment processes are now commonly considered as one of the 
most important factors in structuring populations, research efforts and ecological 
theories prior to the 1980s had focused on post-recruitment processes such as 
competition, predation, mortality due to physical factors (e.g. Connell, 1961a, b; 
Dayton, 1971; Foster, 1971a; Menge, 1976; Denley and Underwood, 1979; 
Underwood et al., 1983, also see review by Underwood and Denley, 1984). As 
barnacles are sessile organisms, intraspecific competition due to crowding have 
frequently been cited as an important cause of mortality and determinant of 
population densities (Connell, 1961a; Denley and Underwood, 1979; Bertness, 1989). 
However, though crowding among C. malayensis was observed on Tanjong Resang 
(West Coast of Malaysia) where coverage was often 100%, (Connell, 1961b) pointed 
out that crowding among Chthamalus spp. individuals seldom result in death of 
individuals. Studies by Bertness (1989) and Bertness et al. (1998) and Lively and 
Raimondi (1987) have shown that high densities of barnacles can have positive effects 
on survival by reducing collective heat stress high on the intertidal, thus compensating 
for the adverse effects of crowding. While interspecific competition is common on 
temperate and Panamanian shores (mussels: Lively and Raimondi, 1987; Sutherland, 
1990; Menge, 1991; algae: Dayton, 1971; Lively and Raimondi, 1987; Range and 
Paula, 2001), C. malayensis was the dominant (often only) sessile space occupier on 
all shores, except Tanjong Pelandok on the West Coast of Malaysia. At Tanjong 
Pelandok, C. malayensis occupied substratum among rock oysters Saccostrea species 
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and barnacles could also be found on the oyster shells, therefore mortality could be 
the result of smothering by Saccostrea species.     
Predatory gastropods are commonly observed to feed on intertidal barnacles, 
and experimental removal or exclusions on temperate and tropical shores resulted in 
an increase in survival of natural populations  (Menge, 1976; Menge and Lubchenco, 
1981; Fairweather et al., 1984; Sutherland, 1990; Fairweather and Underwood, 1991). 
Predatory gastropods Thais and Morula spp. were present at all study sites in 
Malaysia and Singapore and were likely causes of C. malayensis mortality. Moreover, 
as Thais and Morula spp. were often found in clumps, this patchy distribution, and 
consequently feeding activity, of predators might have resulted in the significant Site 
differences in densities and mortality. Seasonal variations of predatory activity have 
been linked to temporal trends of barnacle populations (Fairweather and Underwood, 
1991; Lively et al., 1993), but it is not known whether the distribution and behaviour 
of Thais and Morula spp. vary temporally. As mentioned in the General Introduction, 
consumer pressure by fish has been generally regarded to be more intense in the 
tropics (e.g. Bertness et al., 1981; Menge and Lubchenco, 1981; Lubchenco et al., 
1984; Brosnan, 1992), however, most reported fish predatory activities on the benthos 
were with regards to gastropods (but see Menge et al., 1986), so influence of fish on 
barnacle demography may more likely be indirect – for example by reducing the 
predatory pressure of gastropods on barnacles as shown by Bertness et al. (1981). 
Further experimentation with exclusion or removal of predatory gastropods and/or 
fish (e.g. Menge, 1978; Bertness, 1989; Fairweather and Underwood, 1991; Coates, 
2002) will be required to elucidate the relationship between predators and barnacle 
settlers.  
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Genetic variation among intertidal barnacle populations, particularly with 
respect to implications on larval dispersal and adaptability in certain environmental 
conditions, has received increasing attention in recent years (Pannacciulli et al., 1997; 
Brind'Amour et al., 2002; Drouin et al., 2002; Sotka et al., 2004). However such 
studies usually investigated genetic variation over large spatial scales, though Todd et 
al. (1988) found significant genetic heterogeneity of an intertidal mollusc over three 
kilometres. As survival rates of C. malayensis vary between Sites in Malaysia 
frequently during the study, it would be interesting to investigate whether the 
difference is due to genetic variation within a single shore.    
As discussed at the beginning of the section, the absence of obvious large 
scale differences in density and mortality among Malaysian and Singaporean Coasts 
indicates that environmental variations (such as wave action) on this geographical 
scale are not as important as local physical conditions. As replicate Sites in this study 
were chosen to represent similar habitats, it is surprising to find C. malayensis 
densities and mortality to varying on the smallest scales and also temporally. 
Nevertheless, abiotic factors such as  hydrology, and indirectly food supply, can be 
manifested through within-site differences of demographic patterns, as suggested by 
Bertness et al. (1991) and Sanford et al. (1994) studies of S. balanoides in an New 
England bay. Decrease in percentage cover of intertidal barnacles due to physical 
damage by wave-borne objects have been observed on temperate shores (Dayton, 
1971; Levin and Paine, 1974; Paine and Levin, 1981; Range and Paula, 2001), and 
could have caused small spatial scales of variations in abundance, but mortality and 
density changes in this way were unlikely as the photographs of C. malayensis (see 
Methods section) did not show large portions of barnacles within the quadrats missing 
at the end of each Quarter. 
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This investigation is the first to identify the scales at which population 
dynamics of C. malayensis vary simultaneously on the rocky shores of southern 
Peninsular Malaysia and Singapore, while also accounting for temporal differences. 
Although mechanisms causing the patterns cannot be determined from mensurative 
studies such as this, the findings reveal previously unreported and unexpected patterns 
which warrant further manipulative work. Apart from suggesting that ecological 
processes were acting over small scales on these shores, small scale differences in 
demography of dominant taxa such as barnacles, can ultimately affect interactions 
within communities (Benedetti-Cecchi, 2000). Lastly, published literature indicates 
that, this is the only study in Southeast Asia to monitor intertidal populations over an 
extended period of time, so longer term studies are still necessary to determine the 
persistence of these population patterns – an appeal that have been made repeatedly 




CHAPTER 4. Spatial and Temporal Variation in the 
Recruitment of Chthamalus malayensis 
4.1. Introduction 
The importance of settlement and recruitment in structuring rocky shore 
populations and communities has been recognized by ecologists since the 1980s (e.g. 
Denley and Underwood, 1979; Gaines and Roughgarden, 1985; Raimondi, 1990; 
Menge, 2000). Settlement of planktonic larvae of sessile species occurs when an 
individual attaches permanently to the substrate, while recruitment is the point to 
which recently settled juveniles have survived (Connell, 1985a). Patterns of 
distribution can be established during recruitment, while post-recruitment processes 
such as predation, competition, facilitation and disturbance modify the patterns 
(Grosberg, 1982; Connell, 1985a; Raimondi, 1990; Menge, 2000; Delany et al., 2003; 
Jeffery, 2003). Apart from the spatial pattern of recruitment, the level of recruitment 
can influence post-recruitment ecological processes and determine whether adult 
density correlates with that of recruits (Connell, 1985a; Sutherland, 1990; 
Roughgarden et al., 1994; Menge, 2000).  
Settlement and recruitment studies can provide insight into pre-settlement 
processes such as the variation in larval supply, transport processes, and behaviour 
(Pineda, 1994; Jeffery and Underwood, 2000; Olivier et al., 2000; Drouin et al., 
2002). Factors such as chemical cues, concentration of larvae in the water column, 
larval behaviour, and physical processes that transport larvae onshore can influence 
settlement patterns (see Underwood and Keough, 2001 for references). Subsequently, 
desiccation, competition, dislodgement (‘bulldozing’) by grazing gastropods and 
predation cause post-settlement mortality resulting in varying levels of recruitment 
(Connell, 1961a; Denley and Underwood, 1979; Connell, 1985a; Lively and 
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Raimondi, 1987; Sutherland, 1990; Hunt and Scheibling, 1997; Chan and Williams, 
2003). However, the relative importance of settlement and post-settlement mortality 
in determining the ultimate distribution of adults appear to vary with species, locality 
and scale (Connell, 1985a; Jenkins et al., 2000; Menge, 2000; Delany et al., 2003; 
Jeffery, 2003).  
 There have been a few studies that examined recruitment dynamics across 
large geographical scales on temperate shores (e.g. Jenkins et al., 2000; O'Riordan et 
al., 2004). Jenkins et al. (2000) and O'Riordan et al. (2004) documented the 
recruitment of Semibalanus balanoides and Chthamalus spp. respectively on 
European shores, during which locations 1000s of kilometres apart were sampled 
concurrently with similar methodologies. Both groups found recruitment to differ 
significantly over the largest scale across the region. Marked seasonal variations of 
intertidal barnacle recruitment on temperate rocky coasts are well documented (e.g. 
O’Riordan et al., 2004 in Europe; Jeffery and Underwood, 2000 in Sydney, Australia; 
Gaines and Roughgarden, 1985 in central California, U.S.A.), while studies in tropical 
Costa Rica and Panama suggests that recruitment can take place throughout the year 
without clear intra-annual variations, even though the shores experience distinct rainy 
and dry seasons (Lubchenco et al., 1984; Ortega, 1987; Sutherland, 1987; Menge, 
1991).  
4.1.1. Objectives 
The objectives of this portion of the project are to: 
1. Examine the variation of Chthamalus malayensis recruitment levels over three 
spatial scales (Sites, Shores and Coasts); 
2. Determine whether the patterns change monthly over one year. 
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Jenkins et al. (2000) and O'Riordan et al.'s (2004) models of spatial variation 
of recruitment suggest that significant variation will occur among locations spread 
over a large latitudinal range with different biological and physical characteristics. 
Though the coasts being examined in this study are separated by hundreds of 
kilometres, all three coasts are within 2o north of the equator with similar 
environmental conditions, and since shores and sites were chosen to be representative 
of the general area, it was hypothesized that recruitment levels of C. malayensis will 
be similar across all three spatial scales. Temporal variations would not be expected 
on the scales of site and shore, except among coasts as the annual monsoons may 
influence temporal patterns   
4.2. Sampling design and methods 
Monthly recruitment rates were measured at sites in southern Peninsular 
Malaysia and Singapore (see Chapter 2) every full moon from August 2003 to August 
2004. Starting in August 2003, every month, at each Site (1-4m2), three quadrats 
(7cm×7cm) within patches of highest C. malayensis densities were cleared 
haphazardly of all fauna, with a paint scraper and wire brush. All cyprids and 
metamorphs found in a 5cm×5cm area in the centre of each clearing (to reduce 
artifacts due to edge effects; (Carroll, 1996) in the following month (beginning with 
September 2003) were then collected with fine forceps and preserved in absolute 
alcohol (Figure 4.1). Subsampling was carried out when recruitment was very heavy. 
On the same sampling day, new 7cm×7cm quadrats were cleared to measure the 
subsequent month’s recruitment.      
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Figure 4.1 7cm×7cm clearing with C. malayensis recruits (≤1 month old). 
4.3. Data analysis 
 A four-factor Analysis of variance (ANOVA) was carried on the mixed model 
design with fixed and random factors as described in Chapter 2. Cochran’s test found 
heterogeneous variances (P<0.05) and data were transformed using ln(x+1) to fulfill 
the assumption of variance homogeneity (Cochran’s test: P >0.05).  
4.4. Results 
4.4.1. Monthly variation of recruitment 
There was significant interaction between temporal and spatial factors at the 
scale of Site (Table 4.2; Month×Site, P<0.001). As the pattern between Sites varies 
from month to month, variable recruitment levels of Sites would confound 
comparisons on larger scales of Shores and Coasts and their interactions with Month, 
(Underwood, 1997; Underwood and Chapman, 1998), therefore higher level 
interactions and main effects in ANOVA will not be interpreted - though it appears 
that the differences between Shores were also not consistent with Month and Coasts 
(Figure 4.2). SNK tests within the Month×Site interaction revealed that significant 
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Site variation (P<0.05) occurred most frequently on the Malaysian East Coast (Table 
4.3; 6 out of 12 months at Tanjong Resang (RS) and 8 months at Tanjong 
Leman(LM)), and least often in Singapore (2 and 1 months respectively at East Coast 
Park (ECP) and St. John’s Island (SJ)). SNK test also detected significant temporal 
variation (P<0.05) only at Sites of the Malaysian Shores (except Site A at Tanjong 
Pelandok (PL) on the West Coast), and the monthly patterns (significantly low and 
high levels of recruitment and ranking of monthly rates) differed between the Sites at 
Singapore and Malaysia.  
Table 4.1 ANOVA of C. malayensis monthly recruitment (number of cyprids and metamorphs) 
observed every full moon (n=3) at 3 spatial scales and over 12 months from August 2003 to 
August 2004. Data are numbers of barnacles per 25cm2. ns: P> 0.05; *: P<0.05; **: P<0.01; ***: 
P<0.001. 
Transformation: ln (x +1), Cochran's Test, C = 0.0370 (Not significant)
Source df MS F P F -test over
Month = M 11 10.8430 0.91 ns M×CO
Coast = CO 2 179.6835 16.91 * SH(CO)
Shore(Coast) = SH(CO) 3 10.6260 1.07 ns SI(COXSH)
Site(Shore(Coast)) = SI(COXSH) 6 9.8868 28.61 ***  RES
M×CO 22 11.9296 1.64 ns M×SH(CO)
M×SH(CO) 33 7.2856 4.08 *** M×SI(SH(CO))
M×SI(SH(CO)) 66 1.7836 5.16 ***  RES
Residual = RES 288 0.3456
Total 431
 
Table 4.2 Occurrence of significant variation of C. malayensis recruitment between Sites as 
detected by SNK tests of Month×Site(Shore(Coast) interaction. ns: P>0.05; *: P<0.05. 
BL PL RS LM ECP SJ
September '03 ns ns * ns ns ns
October '03 ns ns ns ns ns ns
November '03 * ns * * ns ns
December '03 * ns ns * ns *
January '04 * ns ns ns ns ns
February '04 * * * * ns
March '04 ns ns * * ns ns
April '04 * * * * ns ns
May '04 * * * * ns ns
June '04 ns ns ns * * ns
July '04 ns ns ns * ns ns



























































































































































Figure 4.2 Mean monthly recruitment (±S.E.) per 25cm2 of C. malayensis between September 
2003 and August 2004, on Shores on three Coasts: (a) West Coast of Malaysia, (b) East Coast of 
Malaysia, (c) Singapore. N.B.: Recruitment at Tanjong Resang (b) in March is out of range 
(2091.7±717.51 per 25cm2). 
4.4.1.1. West Coast Malaysia (Figure 4.2a) 
 Generally, recruitment levels on the West Malaysian Coast were higher than in 
Singapore but lower than the East Malaysian Coast during seven months (September 
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to November 2003, February to May 2004 and July 2004). Mean overall recruitment 
(averaged from all replicates from the two shores, n=12) on the West Malaysian Coast 
peaked in October and November 2003 (51±17.2 and 44±14.0 per 25cm2 respectively) 
and appeared to increase again in August 2004 (29±5.3 per 25cm2) from the 
consistently low levels of the previous seven months (2.17-13.17 per 25cm2). SNK 
tests within the Month×Site interaction revealed that significant Site variations were 
recorded in six and three months out of the year at Blue Lagoon (BL) and Tanjong 
Pelandok respectively (Table 4.2). Significant Site variations were found only at Blue 
Lagoon in November and December 2003.  
4.4.1.2. East Coast Malaysia (Figure 4.2b) 
 Monthly recruitment was more variable on the East Malaysian Coast, 
fluctuating between a low of 1 (±0.5) per 25cm2 in June 2004 and maximum of 1056 
(±463.2) per 25cm2 in March 2004. On this coast, for the two shores combined, a 
lower peak was recorded in October 2003 (151±18.7 per 25cm2). While comparable 
peaks were found in October 2003 on both shores (Tanjong Resang: 123±23.3 per 
25cm2; Tanjong Leman: 178.7±26.3 per 25cm2), the second much higher peak in 
March 2004 can be attributed to Tanjong Resang (2092±717.5 per 25cm2). It was also 
the highest among all of the six shores examined out of the twelve months. SNK tests 
within the Month×Site interaction showed that recruitment levels varied significant 
between sites at Tanjong Leman in all months except September, October 2003, and 
January 2004, while that scale of variation was found only in six months at Tanjong 
Resang (Table 4.2).  
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4.4.1.3. Singapore (Figure 4.2c) 
Recruitment occurred, but at consistently low levels, in Singapore in all 
months except in November 2003 when no recruits were found. Peaks at individual 
shores were recorded in different months – in March on St. John’s Island (4±1.7 per 
25cm2) and April at East Coast Park (9±0.9 per 25cm2), though recruitment was not 
significantly greater than in the other months. Singapore ranked consistently below 
the East and West Malaysian Coasts for all months except June when mean 
recruitment was 3 (±0.6) per 25cm2 here, greater than the West Coast of Malaysia, but 
lower than the East Coast (though not significantly differently). SNK within the 
Month×Site interactions did not detect any significant site temporal variations.  
4.4.2. Number of cyprids and metamorphs 
 Figure 4.3 shows the cumulative number of cyprids and metamorphs collected 
from each shore over the twelve months. Cyprids formed only 2% of all recruits 
collected and were found mostly on the shores of the East Malaysian Coast in April 
2004, while a single cyprid was found at East Coast Park in Singapore in February 
2004, but none was found on the West Malaysian shores.  
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Figure 4.3 Cumulative number of C. malayensis (a) cyprids and (b) metamorphs collected over 
one year from 72 25cm2 quadrats from each shore. Note the difference in scale between figures 
(a) and (b). 
4.5. Discussion 
Analysis of variance (ANOVA) of Chthamalus malayensis recruitment 
accumulated over one year detected significant interaction between Sites tens of 
metres apart and months during which recruitment was measured, thereby rejecting 
the hypotheses proposed in the Introduction. This result suggests that local, within-
Shore processes were more important than regional influences, and might vary with 
time. Studies which recorded recruitment on comparable scales found similar 





























































variations. Similar relationships have been reported on both tropical and temperate 
shores over centimetres to a kilometre by Caffey (1985), Sutherland (1987), Raimondi 
(1990) and Sutherland (1990). Caffey (1985) reported significant differences in 
densities of Tesseropora rosea recruits among sites located 20-50m apart in New 
South Wales, but unlike in the present study, the pattern was consistently found over 
17 months. Two recent studies on the recruitment of Chthamalus spp. (O'Riordan et 
al., 2004) and Semibalanus balanoides (Jenkins et al., 2000) on an European scale 
recorded significant variations on among places kilometres and hundreds of 
kilometres apart. (Jenkins et al., 2000) also found spatial patterns to interact with time 
on a larger scale of years. Variations in recruitment of Chthamalus species do not 
always occur at smaller scales on temperate shores (Raimondi, 1990; Pineda, 1994).  
Sutherland's (1990) study of Chthamalus fissus in Costa Rica revealed varying levels 
of recruitment among sites 10-50m apart. In the present study, significant variations 
were detected more frequently within Malaysian shores probably because of the 
extremely low levels of recruitment that persisted in Singapore throughout the study 
period. Smaller scale variations occurred mainly on the Malaysian East and West 
Coasts where recruitment rates were relatively high, in contrast to Bertness et al.'s 
(1996) observations of S. balanoides recruitment in Narragansett Bay, that small scale 
spatial patterns in recruitment were more apparent when larval supply (and 
consequently, settlement rates) was low. 
Recruitment in Singapore was one and two orders of magnitude lower than 
that of West and East Coasts of Peninsular Malaysia respectively, similar to patterns 
reported by Jenkins et al. (2000), Connolly et al. (2001) and O'Riordan et al. (2004) 
on temperate locations separated by comparable distances. Studies conducted 
separately on the tropical shores of Costa Rica and Panama approximately 1000km 
 52
apart showed that the shores of Costa Rica experienced recruitment levels several 
orders greater than that of Panama (Sutherland, 1990). 
 Spatial variations of recruitment can be attributed to biological and physical 
factors acting at regional and local scales. Larval supply had been correlated with 
recruitment over tens of metres to tens of kilometres (Gaines et al., 1985; Bertness et 
al., 1996; Carroll, 1996; Jeffery and Underwood, 2000). Large scale variations in 
larval supply have been suggested to cause geographical variations of recruitment 
(Sutherland, 1987; Jenkins et al., 2000; O'Riordan et al., 2004). Recruitment on 
Singaporean shores facing the Straits of Singapore, was particularly low, and lack of 
larval input is a plausible cause since previous surveys of the zooplankton in the 
Singapore Straits found cirripede nauplii and cyprids to be rare throughout the year 
(Tham, 1953; Yang, 1967). Elsewhere, it has also been proposed that densities of 
adults present can be correlated with larval supply and consequently recruitment 
(O'Riordan et al., 2004). However, recruits collected in the present study probably did 
not originate locally. Concurrent demographic surveys show that general differences 
of C. malayensis among coasts were of smaller magnitude than those of recruitment 
levels (see Results in Chapter 3), and the timing of maximum brooding at three out of 
six of the Shores studied (Tanjong Resang, St John’s Island and Tanjong Pelandok) 
(Koh et al., 2005) did not match the recruitment peaks recorded on these Shores.  
The influence of larval supply on recruitment can be modified by variation in 
post-settlement mortality occurring across various spatial scales (e.g. Caffey, 1985; 
Connell, 1985a; reviewed by Hunt and Scheibling, 1997). Therefore, apart from 
possibly receiving low levels of larvae, lack of recruitment in Singapore might be due 
to high early post-settlement mortality. Moreover, rate of larval arrival is dependent 
on the physical transport processes acting over small and large scales. Hawkins and 
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Hartnoll (1982), Kendall et al. (1985) and Bertness et al. (1996) suggested that 
variations of prevailing winds influence larval transport and consequently settlement, 
and oceanographic currents in both tropical and temperate waters can cause 
differential settlement over large distances (Sutherland, 1987; Connolly and 
Roughgarden, 1998; Connolly et al., 2001). Conversely, internal waves occurring 
along a shore may deliver larvae unevenly (Shanks and Wright, 1987). Though 
prevailing currents and winds in the study areas are dominated by monsoons 
occurring in different months on each coast (Tan, 1995), results from the current 
study did not clearly reflect such variations.  
 Rock types of shores being sampled are inevitably different in a large scale 
study such as this (Jenkins et al., 2000). Studies on the effect of rock type on 
recruitment and benthic assemblages have yielded conflicting results  (Caffey, 1982; 
Raimondi, 1988b; Holmes et al., 1997; Guidetti et al., 2004), but variations of rock 
type may be an additional factor – though any possible variation can also be regarded 
as part of the ‘natural’ spatial recruitment pattern. Singapore’s surrounding waters are 
highly sedimented and high sediment loads have been suggested to reduce coral 
recruitment (Dikou, 2001). Studies suggest that increased sedimentation adversely 
affects settlement and recruitment of temperate intertidal macroalgae and 
invertebrates (reviews by Airoldi, 2003) and Schiel, 2004; N. Phillips 2004 pers. 
comm.) As such, the high sediment loads found in Singapore are potential causes of 
larval and recruitment mortality of intertidal as well as subtidal species. 
 Smaller scale variations among shores and sites may be due to patchiness of 
certain factors. Knight-Jones (1953) and Miron et al. (1996) observed higher 
settlement rates in the presence of live conspecifics, soft body parts and calcareous 
bases of dead adults. Since the demographic studies presented in Chapter 3 also found 
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significant Month×Site interactions, small scale influence on recruitment by resident 
populations is probable. Variation in the cues from remnants of adults removed from 
the quadrats may be a determinant of small-scale recruitment - though chemical cues 
from dead adults are probably ephemeral in the field (Wethey, 1984) – and so is 
reduction of larval supply through predation by adults (Young and Gotelli, 1988). 
Accidental ingestion or ‘bulldozing’ by grazers such as limpets and littorinids has 
been widely cited as a cause of early post-settlement mortality (Hunt and Scheibling, 
1997). Herbivorous gastropods, such as Nodilittorina, Littoraria, Siphonaria, Cellana 
and Patelloida spp., occupying zones on rocky shores in Singapore and Peninsular 
Malaysia overlapping that of barnacles (Tan, 1995), may bulldoze young recruits 
arriving on the shores. Besides grazers, predatory gastropods Thais and Morula spp. 
are present at our study sites, although these are more likely to feed on larger 
individuals (Denley and Underwood, 1979; Menge and Lubchenco, 1981).   
Herbivorous and predatory fish play relatively more important roles on 
tropical shores compared to temperate waters (e.g. Bertness et al., 1981; Menge and 
Lubchenco, 1981; Lubchenco et al., 1984; Brosnan, 1992). Compared to invertebrate 
consumers such as gastropods, fish forage over a greater area and are faster moving 
(Lubchenco et al., 1984).  Like predatory gastropods, predatory fish probably feed 
mainly on larger barnacles (Menge and Lubchenco, 1981), and are therefore unlikely 
to affect early post-settlement mortality. On the other hand, planktivorous fish can 
significantly reduce larval supply to shores (Gaines and Roughgarden, 1987). 
Stolephorus spp. are the dominant fish in the Singapore Straits (Tham, 1953). 
Incidentally, barnacle cyprids formed the dominant component in the diets of 
Stolephorus indicus and Atherinomorus duodecimalis caught along the north-eastern 
coast of Singapore, an observation not reported in fish diets elsewhere (Hajisamae et 
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al., 2003). Therefore variation in distribution and feeding behaviour of these predatory 
fish are also likely to result in small scale variations in barnacle recruitment.  
 Generally, C. malayensis on all three Coasts recruited throughout the year, 
albeit at varying intensities, consistent with previous surveys of recruitment of 
subtidal Balanus spp. in Singapore (Suhaimi, 1965; Yang, 1967) C. fissus and 
Tetraclita panamensis also recruited in similar patterns in Costa Rica (Lubchenco et 
al., 1984; Sutherland and Ortega, 1986; Ortega, 1987; Sutherland, 1990), in contrast 
to subtropical and temperate shores where there are distinct annual recruitment 
seasons (e.g. Jenkins et al., 2000; Menge, 2000; Chan and Williams, 2003; Jeffery, 
2003; O'Riordan et al., 2004). The extension of recruitment throughout the year on 
Malaysian and Singaporean coasts is probably a consequence of the relatively warm 
and stable equatorial climate enabling year-round reproduction (Koh et al., 2005). The 
months when peak rainfall was recorded on the coasts (October 2003, January and 
March 2004 in Singapore; December 2003 and March 2004 in on the East Coast of 
Malaysia; March 2004 on the West Coast of Malaysia; (Malaysia and Singapore 
Meteorological Services)) did not coincide with any apparent trends in recruitment. 
Though surface salinity of waters around Peninsular Malaysia are influenced by the 
monsoons, salinity remains about 28‰, above the levels required to induce adverse 
effects on larval development and cyprid attachment (e.g. Anil et al., 1995; Chan et 
al., 2001; Thiyagarajan et al., 2003b). Massive recruitment occurred at Tanjong 
Resang on the East Coast of Malaysia in March, which was not seen in subsequent 
months nor on the other shores. Exceptionally high levels of recruitment on a 
particular shore in Costa Rica were also highlighted by Sutherland and Ortega (1986), 
though the cause was not known.  
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 It is not known whether these patterns of C. malayensis recruitment will be 
repeated annually. An investigation on a larger temporal scale over a number years 
would be valuable, especially in view of other work that have found varying levels of 
annual recruitment and interaction between years and locations (e.g. Caffey, 1985; 
Menge and Sutherland, 1987; Sutherland, 1990; Minchinton and Scheibling, 1991; 
Jeffery, 2003). ‘Failure’ years have occurred in Southwest England (Hawkins and 
Hartnoll, 1982; Jenkins et al., 2000), and an extended survey would show whether the 
low level of recruitment in Singapore, was the result of a ‘recruitment failure’ and if 
massive peaks observed on the East Coast of Malaysia are annual occurrences. 
Cyprids of another species of Chthamalus, Chthamalus montagui can metamorphose 
within one tidal cycle in Southwest Portugal and Southwest Ireland and settle in 
greater numbers after a diurnal high tide compared to a nocturnal high tide (Cruz, 
1999; Cruz et al., 2005). Therefore cyprids might be absent from most of our study 
sites due to variation in rates of metamorphosis and/or small-scale temporal variations 
of settlement, but these have yet to be examined for tropical barnacles, such as C. 
malayensis. 
 Recent models emphasise that recruit-adult relationships are subject to the 
intensity of recruitment (e.g. Underwood and Denley, 1984; Connell, 1985a; Gaines 
and Roughgarden, 1985; Menge, 2000). The shores of southern Peninsular Malaysia 
and Singapore showed varied levels of recruitment - the maximum recruitment 
intensity observed on the East Malaysian Coast was comparable to that on temperate 
shores (e.g. O'Riordan et al., 2004), whereas in Singapore it was more similar to Costa 
Rica (Sutherland, 1987) and New South Wales (Jeffery, 2003), where recruitment 
were described as sparse. Further work to identify the implications of varying 
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recruitment rates and mechanisms determining recruitment factors have to take into 
consideration the spatial and temporal patterns identified in this study.  
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CHAPTER 5. Vertical Pattern of Recruitment of Balanus 
spp.  
5.1. Introduction 
Since zonation (the vertical pattern of population distribution) is one of the 
most noted patterns on rocky shore communities, the processes that determine the 
patterns have been extensively investigated (Menge and Branch, 2001; Benson, 
2002). The models resulting from the first quantitative studies assumed that the 
supply of larvae to a population (i.e. recruitment) was not limiting nor variable and 
emphasized post-recruitment processes, particularly factors influencing adult 
populations such as desiccation, predation and competition (Connell, 1961a, b; 
Dayton, 1971; Caffey, 1985; Raimondi, 1990; Jeffery, 2003). Consequently, for many 
years, it was widely accepted that the upper limit of a species’ distribution is 
determined by physical factors such as desiccation, while the lower boundary is 
controlled by biological processes, mainly predation and competitions (Connell, 
1961a, b; Dayton, 1971; Foster, 1971b). More recently, the role of the 
abovementioned mechanisms was re-examined (e.g. Underwood and Denley, 1984; 
Connell, 1985a; Menge, 2000), and the tendency of researchers to accept such 
‘paradigms’ (Underwood and Denley, 1984) without considering alternative 
explanations have been particularly criticized (Underwood and Denley, 1984; Young, 
1987; Sale, 1990; Menge, 2000). The potential importance of - and the lack of 
attention paid to - settlement and recruitment as determining mechanisms was 
highlighted by Underwood and Denley (1984). Subsequent research on rocky shore 
zonation has increasingly focused on recruitment dynamics, and indicated that 
intertidal distribution observed among adults populations can be established at 
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recruitment, especially for species with relatively low recruitment rates (e.g. Caffey, 
1985; Raimondi, 1990; Menge, 2000; Jeffery, 2003). 
A substantial amount of research has been carried out on factors influencing 
recruitment, particularly distinguishing the relationship among larval supply, 
settlement (see General Introduction for definitions of settlement and recruitment), 
post-settlement mortality and observed recruitment patterns (Grosberg, 1982; 
Raimondi, 1990; Raimondi, 1991; Bertness et al., 1992; Miron et al., 1999; Jeffery 
and Underwood, 2000; Jeffery, 2003). Density-dependent patterns of post-settlement 
mortality in particular can reduce correlations between settlement, recruitment and 
adult distribution patterns (Keough and Downes, 1982; Connell, 1985a). More 
recently, workers have attempted simultaneously examine multiple mechanisms 
hypothesized to determine distribution (e.g. Miron et al., 1999; Ross, 2001; Jeffery, 
2003). However, as mentioned in earlier chapters of dissertation, the focus of these 
previous studies and ecological theories remained biased towards temperate systems, 
which restrict the generality of the models. Also, as mentioned in the General 
Introduction, following early accounts of ‘classic’ zonation patterns on various 
temperate shores, intertidal habitats in Peninsular Malaysia and Singapore were also 
described with respect to such ‘universal schemes’ (Purchon and Enoch, 1954; 
Chuang, 1961; Lee, 1966; Ewing-Chow, 1967; Lam, 1980), but quantitative 
investigations of processes that generated the observed patterns were not attempted.  
5.1.1. Objectives 
The main objective of this part of the study was to test models that explain 
vertical patterns of population distribution as a function of recruitment using the 
intertidal barnacle Balanus spp. as study models, on two Shores in Singapore (see 
Chapter 2 and Table 2.3 for details). Though subtidal recruitment of Balanus spp. has 
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been documented in Singapore waters previously (Suhaimi, 1965; Yang, 1967), to my 
knowledge, this is the first investigation of intertidal recruitment patterns. Variations 
in abundance of cirripedia larvae in the water column around Singapore’s coasts have 
been reported, and barnacle larvae were reportedly rare and variable through time 
(Tham, 1953; Khoo, 1966; Yang, 1967; Lim, 1984a, b). Recruitment studies on the 
tropical rocky shores of Costa Rica and Panama suggests a correlation between 
latitude and recruitment intensity (at least along the Pacific coast of North and Central 
America; see Menge and Farrell, 1989 for review) and sparse recruitment on those 
Central American shores was a limiting factor in determining distribution patterns of 
intertidal barnacles (Sutherland, 1990). Therefore based on the information available, 
the following hypotheses were formulated: 
1. Vertical distribution pattern of recruits (at 2 and 4 weeks after first settlement) 
will resemble that of established populations of Balanus spp. (i.e. recruitment 
rates will be greatest at the middle level – see Results of ‘Spatial variation in the 
density of Balanus spp.’ for adult zonation). 
2. As environmental (ambient and water) conditions along the eastern Johore Straits 
(where the study sites were located) have been reported to remain in a relatively 
narrow range spatially and temporally (Lim, 1983, 1984a), repeated sampling of 
recruits over one year and on similar Sites and Shores (see Chapter 2 (p. 14 and 
18) for spatial scales of study sites) will reveal similar vertical patterns.  
3.  If the recruitment pattern established after 2 weeks was different from the adult 
pattern (thus rejecting hypothesis 1), post-recruitment processes would then be 
significant in modifying recruit distribution and might subsequently result in a 
vertical pattern similar to that of the adults 2 weeks later (at 4 weeks after first 
settlement).   
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5.2. Sampling design and methods 
Balanus spp. recruitment was studied on two shores, Pasir Ris and Changi 
Point (described in Chapter 2) and at three Levels (Low, Mid, High) within the 
distribution of the species. The lower Level was above the lower limit of distribution 
and the upper limit of a zone where barnacles occurred together with other sessile 
organisms (e.g. black mussels Xenostrobus spp. and macroalgae Enteromorpha and 
Ulva spp.). The upper Level (‘High’) was just below the upper distribution limit of the 
barnacle population. The middle Level (‘Mid’) was the zone where Balanus spp. 
barnacles were the dominant space occupier. The upper and lower Levels were 
approximately 1.5m and 2.1m respectively above chart datum at the five Sites (two at 
Pasir Ris; three at Changi Point).  
5.2.1. Spatial variation in the density of adult Balanus spp. 
Densities of established populations of Balanus spp. at each of the three levels 
were surveyed at the beginning of the study in March 2004. Three replicate 5cm×5cm 
representative quadrats were photographed digitally at each Level of each Site. The 
number of barnacles within the quadrats was then counted using the photographs.  
5.2.2. Number of settled cyprids and metamorphs after one tidal cycle 
To determine whether the number of cyprids observed was a good indicator of 
settlement (as used by Delany et al., 2003, and Lagos et al., 2005), the number of 
metamorphs and cyprids on recruitment panels (see following section for description 
of recruitment panels) after a single high tide was determined over three days in May 
2004. Starting at the second low tide of 17 May, three replicate panels were placed at 
the middle level of three sites (C, D and E – details in Chapter 2) at Changi Point, and 
the panels were then collected during the next low tide approximately 12 hours later 
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and replaced with a new set of panels. This process was repeated until the last set of 
recruitment panels was collected at the second low tide of 20 May 2004. Therefore 
the experiment was conducted over 6 tidal cycles.  
5.2.3. Spatial and temporal variation in the recruitment of Balanus spp. 
From the above experiment, it was found that within a single tidal cycle, 
Balanus spp. could metamorphose and the number of metamorphs could be equal to 
or higher than the number of cyprids (see Results). Therefore settlement estimates 
using the number of cyprids would have resulted in underestimation, and it was 
decided that all cyprids and metamorphs found on recruitment panels would be 
generally regarded as recruitment 
Recruitment panels were composed of Perspex plates (7cm×7cm×0.3cm) 
covered with Safety Walk (3M, Minneapolis Minnesota, USA) a rubbery, uniformly 
rough-textured self-adhesive tape, commercially available as floor cover for boats. 
This type of recruitment panel is commonly used for recruitment studies as it provides 
a standard texture across panels and Sites, and hasbeen found to recruit both Balanus 
and Chthamalus species (Farrell et al., 1991; Menge, 2000; Navarrete et al., 2002; 
Lagos et al., 2005). Each panel was fastened with a stainless steel screw into an 
expansion bolt hammered into a hole drilled in the rock. 
At all Sites, recruitment was quantified between March 2004 to March 2005. 
All sampling was done within two days of either side of each full (fortnightly and 
monthly recruitment) and new (fortnightly recruitment) moons. Starting from the full 
moon in March 2004 (7 March), three replicate panels were deployed at each Level at 
each Site (Figure 5.1). Two weeks later, the panels were examined in situ with a 20× 
binocular field microscope for cyprids and metamorphs, their numbers counted and a 
new set of replicate panels were deployed for the subsequent fortnight’s recruitment. 
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This procedure was repeated until the new moon of March 2005 (10 March) when the 
last fortnightly count was made. Beginning around the new moon in April 2004 (19 
April), two-week-old panels were returned to their positions on the rock for another 
two weeks, after which they were collected back to the laboratory to be examined 
under a 20× dissecting microscope for cyprids and recruits to obtain 4-weekly 
recruitment rates. To avoid edge effects, only the centre 5cm×5cm of the panel was 
examined and a 1.5cm×1.5cm area around the screw was excluded as well (leaving an 
effective survey area of 22.75cm2).  
 
Figure 5.1 Perspex recruitment panels deployed at 3 Levels (3 replicates at each Level). 
5.3. Data analysis 
Spatial variation of established populations and recruitment of Balanus spp. 
were analysed by three factor (Site, Shore and Level) mix-model anlaysis of variance 
(ANOVA) as described in Chapter 2. The data for fortnightly and monthly 
recruitment were analysed in 17 (due to weather and tide constraints, Site D of Changi 
Point was not sampled on 21 March 2004, and 7 two-week periods were not sampled) 
and 12 separate ANOVAs respectively. Cochran’s test of the density data did not 
reveal significant heterogeneity of variances (P>0.05), while recruitment data with 
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heterogeneous variances (P<0.05) and were transformed by (x+1)0.5 or ln(x+1) to 
removed the heterogeneity (P>0.05). ANOVA was not performed on data from the 
tidal recruitment study as the numbers of recruits found after one tidal cycle was too 
low.  
5.4. Results 
5.4.1. Spatial variation in the density of adult Balanus spp. 
Surveys of adult distribution of Balanus spp. in March 2004 revealed 
significant differences in the zonation between Sites of each Shore as indicated by the 
significant Level and Site interaction (Table 5.1). However, the interaction was likely 
the result of variations in magnitudes of difference among Levels, rather than 
discrepancies in the ranking, as post-hoc multiple comparisons showed that the adult 
densities were greatest at Mid Level at all four Sites examined (Figure 5.1, Table 5.1). 
It also appeared that Balanus spp. was generally more abundant at Pasir Ris than at 



























Figure 5.2 Mean number of adult Balanus spp. (±SE) per Site at different Levels in March 2004. 
Data are averages calculated from replicate quadrats pooled from each Level (n=3). 
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Table 5.1 ANOVA and SNK tests of adult Balanus spp. densities (n=3) in March 2004 among 3 
Levels at Pasir Ris and Changi Point (2 Shores). Data are numbers of barnacles per 25cm2. ns: 
P> 0.05; *: P<0.05; **: P<0.01; ***: P<0.001. 
Source df MS F P F -test over
Shore = SH 1 70136.69 1336.64 *** SI(SH)
Site(Shore) = SI(SH) 2 52.47 0.12 ns RES
Level = LE 2 29578.78 3.73 ns LE×SH
LE×SH 2 7935.44 3.76 ns LE×SI(SH)
LE×SI(SH) 4 2107.72 4.65 ** RES
Residual = RES 24 453.06
Total 35
SNK tests of  LE×SI(SH): PR Site C: Low= High < Mid (P <0.05)
PR Site D: High < Low < Mid (P <0.05)
CG Sites C & D: High= Low = Mid (P> 0.05)  
5.4.2. Number of settled cyprids and metamorphs after one tidal cycle 
The presence of metamorphs on recruitment panels after one tidal cycle 
(approximately 12 hours) showed that cyprid settlers of Balanus spp. can 
metamorphose within 12 hours (Figure 5.3). As metamorphs were as abundant as, if 
not more than, the number of cyprid settlers (Figure 5.3), the number of cyprid settlers 
alone would not be an accurate estimator of settlement rate (after one tidal cycle 
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Figure 5.3 Mean number of cyprids and metamorphs of Balanus  spp. per 22.75cm2 (±SE) 
observed after one nocturnal high tide (‘Night’) and diurnal high tide (‘Day’) at three Sites (C, D, 
E) at Changi Point.  
5.4.3. Spatial and temporal variation in the recruitment of Balanus spp. 
ANOVAs detected significant interactions (P<0.05) between Level and 
Site/Shore in 12 out of the 17 fortnights (71%) when recruitment was measured 
(Table 5.2). Horizontal and vertical spatial patterns of monthly recruitment also 
interacted significantly (P<0.05) during 11 out of the 12 months (92%) investigated 
(Table 5.3). Examination of vertical recruitment patterns of each sampling period at 
individual Sites revealed that significant interactions were the consequences of 
variations in magnitudes of difference among Levels and also different rank orders 






Table 5.2 Occurrence of significant Level×Shore and Level×Site(Shore) interaction of Balanus 
spp. 2-weekly recruitment revealed by ANOVA. ns: P>0.05; *: P<0.05; **: P<0.01. Data with 
homogeneous variances are indicated (Cochran’s Test: P>0.05). Transformations were used to 
remove heterogeneity, and data which remained heterogeneous after transformation were 
analysed untransformed (‘Untransformed’).  
Date of full/new moon Level×Shore Level×Site(Shore) Cochran's test/ Tranformation
19-Apr-04 -- ** (x +1)0.5
5-May-04 * -- (x +1)0.5
19-May-04 -- ** ln(x +1)
3-Jun-04 -- ** Untransformed
2-Jul-04 ns ns ln(x +1)
17-Jul-04 ** -- P >0.05
16-Aug-04 -- ** ln(x +1)
30-Aug-04 -- ** P >0.05
14-Sep-04 -- ** (x +1)0.5
14-Oct-04 -- ** P >0.05
12-Nov-04 -- * Untransformed
27-Nov-04 ns ns Untransformed
12-Dec-04 ns ns ln(x +1)
10-Jan-05 ns ns ln(x +1)
25-Jan-05 -- ** (x +1)0.5
24-Feb-05 -- * P >0.05
10-Mar-05 -- ** P >0.05  
Table 5.3 Occurrence of significant Level×Shore and Level×Site(Shore) interaction of Balanus 
spp. 4-weekly recruitment revealed by ANOVA. ns: P>0.05; *: P <0.05; **: P <0.01. Data with 
homogeneous variances are indicated (Cochran’s Test: P >0.05). Transformations were used to 
remove heterogeneity, and data which remained heterogeneous after transformation were 
analysed untransformed (‘Untransformed’). 
Date of full moon Level×Shore Level×Site(Shore) Cochran's test/ Tranformation
5-May-04 -- * (x +1)0.5
3-Jun-04 ns ns Untransformed
2-Jul-04 ** -- P >0.05
1-Aug-04 * -- Untransformed
30-Aug-04 -- ** Untransformed
28-Sep-04 -- ** Untransformed
28-Oct-04 -- ** (x +1)0.5
27-Nov-04 -- ** ln(x +1)
26-Dec-04 ** -- P >0.05
25-Jan-05 ** -- Untransformed
24-Feb-05 ** -- Untransformed
26-Mar-05 ** -- (x +1)0.5  
At Pasir Ris, rankings of Levels for fortnightly recruitment varied between  
Sites on only 1 out of the 18 (6%) sampling periods, while Site differences were more 
common (3 out of 12 months ≈ 25%) for monthly recruitment (Figures 5.4 and 5.5). 
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Densities of recruits were found to decrease with increasing shore Level 
(low>mid>high) at both Sites over half of the fortnights sampled, while vertical 
patterns similar to that of adult populations (mid>low/high) were found only over one 
fortnight at Site C (6%) and twice at Site D (11%). The recruitment pattern observed 
after four weeks also gave similar results. The low>mid>high pattern was recorded 
most often at both Sites (67% at Site C and 50% at Site E), while the vertical patterns 
resembling those of the established populations were slightly more common after 4 
weeks (17% at Site C and 33% at Site D) as compared to recruitment rates after 2 
weeks.    
Site differences were more frequent and pronounced at Changi Point (Figures 
5.6 and 5.7). Rank orders of Levels of fortnightly recruitment within each Site 
differed on 8 out of the 17 (47%) sampling periods, while Site differences were more 
common (8 out of 12 months ≈ 67%) for monthly recruitment. The vertical pattern 
most commonly observed after 2 weeks at Site C of Changi Point was where the Mid 
level recruited more densely than High and Low levels (44%), whereas the 
low>mid>high pattern appeared at Site D on 76% of the fortnights. The former was 
found at Site D over only two fortnights (24%). The discrepancy between Sites 
seemed to be maintained after two weeks up to four weeks as the mid>low/high 
pattern also occurred more often at Site C than D (50% compared to 17%), the reverse 
trend occurred with regards to the low>mid>high pattern 17% at Site C, 67% at Site 
D).   
Balanus spp. recruitment appeared to peak at Pasir Ris and Changi Point in 
May and November/October 2004 and January 2005 (Figure 5.4 and 5.6), though 
levels of recruitment were generally higher at Changi Point than Pasir Ris and 
recruitment occurred throughout the year at both Shores. The maximum observed at 
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Pasir Ris around 5 May 2004 was at the Low Level of Site D (63±20.1 recruits per 
22.75cm2) while 1223 recruits (±87.1) per 22.75cm2 were collected from Site C of 
Changi Point. Subsequent peaks at Changi Point were lower, while higher maxima 
were recorded at Pasir Ris.  Recruitment was at a high of 219 recruits (±109.2) per 
22.75cm2 at Pasir Ris’ Site D Mid Level around 27 November 2004, while a peak was 
measured earlier at Changi Point Site C Mid Level around 14 October (787±20.3 
recruits per 22.75cm2). The final maxima of the sampling year occurred around 25 
January 2005 at Site C of Pasir Ris (322±55.1 recruits per 22.75cm2) and Site C of 
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Experiments investigating the vertical recruitment patterns of Balanus spp. 
were conducted on two Shores, Pasir Ris and Changi Point, to test the hypotheses that 
adult distribution patterns are established during recruitment and that relationship 
would be consistent from Site to Site and between Shores. Results from repeated 
sampling of 2-weekly and monthly recruitment revealed patterns dissimilar to those of 
established populations more frequently (in space and time) than those resembling 
adult zonation. This uncoupling of recruit and adult distribution has been found in 
populations where post-recruitment mortality determines the resulting pattern (e.g. 
Connell, 1985a; Raimondi, 1990; Benedetti-Cecchi et al., 2000; Range and Paula, 
2001; Delany et al., 2003). Therefore, the findings from this study suggest that post-
recruitment processes acting beyond the 4-week stage are more important than 
settlement/recruitment in determining intertidal distribution of the species. On the 
other hand, adult zonation appeared to be established by recruitment at two weeks 
and/or four weeks, but only occasionally throughout the year and not always 
simultaneously at all the Sites (interaction between Level and Site/Shore). 
Consequently, the hypothesis predicting that vertical patterns of two and four-weekly 
recruitment will resemble that of established Balanus spp populations (Hypothesis 1 
in the Introduction of this Chapter) has to be refined temporally and spatially while 
the prediction that zonation of recruits would be similar at all Sites and Shores and at 
all times of the year (Hypothesis 2) has to be  rejected. Also as only a minority of the 
experiments showed 4-week recruitment patterns similar to adults, the final 
hypothesis (Hypothesis 3), which expects post-recruitment processes to produce 
vertical patterns like those of adults between two to four weeks after first settlement, 
is only true under certain conditions. Although, many hypotheses point out that 
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recruitment is the main determinant of intertidal zonation when recruitment density is 
low (Caffey, 1985; Raimondi, 1990; Menge, 2000; Jeffery, 2003), this might not be 
the case at Pasir Ris and Changi Point, as recruitment levels were not noticeably 
lower when vertical patterns similar to those of adults were recorded.  
In the present study on two tropical equatorial shores, recruitment density 
appeared to decrease with increasing height most frequently among sites and 
sampling periods. This inverse trend is also commonly found among barnacles 
recruits on temperate shores (Strathmann and Branscomb, 1979; Cruz, 1999; Miron et 
al., 1999; Menge, 2000; Ross, 2001) and by Menge (1991) in the Bay of Panama. 
Inconsistencies in zonation of recruits among locations, such as the ones reported 
here, have also been noted by various workers (Leonard et al., 1999; Ross, 2001; 
Jeffery, 2003). Though in the present study recruitment occurred throughout the study 
period, the observed horizontal and vertical spatial patterns varied among fortnights 
and months – interactions that have been pointed out by temperate studies 
investigating spatial and temporal variations (Raimondi, 1990; Miron et al., 1999; 
Range and Paula, 2001; Jeffery, 2003). Given the seasonal nature of temperate 
climates, ecological patterns and processes were expected to also fluctuate within a 
year, such as the interactions described by Raimondi (1990) and Range and Paula 
(2001). However, significant interactions on other time scales have also been reported 
(days: Miron et al., 1999; years: Menge, 1991; Jeffery, 2003). Considering that the 
study sites of the present research were within a short coastline, and weather 
conditions fluctuated within a narrow range throughout the year, the significant 
interactions among Sites, Shores and time periods were found in this study were 
surprising – though it does not appear to be unique in the tropics (see Menge, 1991). 
The abovementioned interactions, including this study, reiterate the importance of 
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scale in when examining models explaining the importance of recruitment in 
determining intertidal distribution patterns and the factors causing the variations in 
recruitment. 
 Many of the factors that can influence variations in recruitment are discussed 
in Chapter 4, therefore this discussion will focus on processes that might have caused 
differential vertical recruitment. One of the most striking patterns found was the 
gradient of recruitment density along the intertidal range of Balanus spp. and lower 
levels of recruitment higher up on the shore have been widely attributed to reduced 
submergence times (hence reduced supply of larvae) (Underwood and Denley, 1984; 
Connell, 1985a; Minchinton and Scheibling, 1991; Cruz, 1999) and/or greater post-
settlement mortality from desiccation (Foster, 1971a; Somero, 2002; Chan and 
Williams, 2003; Davenport and Davenport, 2005). The latter is especially significant, 
if settlement at higher levels is similar if not greater than lower on the shore. Apart 
from shorter submergence periods, larval supply can also be limited through 
stratification of larvae in the water column (Grosberg, 1982; Gaines et al., 1985; 
Minchinton and Scheibling, 1991; Jeffery and Underwood, 2000).  
While planktonic larvae are usually transported passively over horizontal 
spatial scales (Hawkins and Hartnoll, 1982; Bertness et al., 1996; Connolly and 
Roughgarden, 1998; Connolly et al., 2001), larval behaviour in response to physical 
and biological cues (attractive and inhibiting) have been shown to be important in 
generating settlement patterns. (e.g. Strathmann and Branscomb, 1979; Le Tourneux 
and Bourget, 1988; Raimondi, 1988a; Hills et al., 1998; Holmes et al., 2005). Since 
the use of standard recruitment panels in the present study reduced possible variations 
due to physical differences among replicates and locations (see Chapter 2), different 
biological cues present at each shore Level would have played a more important role. 
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Though at the start of the experiment conspecific cues from Balanus spp. surrounding 
the panels may have been greater at the middle Level (with the highest density of 
adults), after 2 weeks of recruitment when more recruits were present on the lower 
Levels, a similar gradient of cues from recruitment could have been generated and 
thus could have attracted a proportionately higher number of new recruits up till the 
fourth week, resulting in the low>mid>high pattern being maintained. Another 
potentially significant source of settlement/recruitment cues might be the predatory 
and grazing gastropods found throughout the intertidal range of Balanus spp. 
(Raimondi, 1988a; Johnson and Strathmann, 1989; Holmes, 2002; Holmes et al., 
2002), but which also show with distinctive zonation patterns (Chng, 2004).  
As noted earlier in the discussion, post-settlement mortality can have a 
significant effect on zonation patterns. Though early post-settlement mortality is 
difficult to quantify accurately, juvenile mortality of benthic marine invertebrates has 
been found to be very high (Gosselin and Qian, 1997; Hunt and Scheibling, 1997). In 
the present study, empty partially calcified tests were often found on recruitment 
panels after two weeks of deployment, indicating that the recruitment levels observed 
were less than the number of original settlers. However, it is not known whether post-
settlement mortality caused significant modifications of recruitment patterns prior to 
the first survey at 2 weeks. While post-settlement mortality was certainly occurring 
throughout the sampling period, mortality was likely to be density-independent as 
patterns established by 2 weeks were frequently present after 4 weeks as well 
(Connell, 1985a). These findings suggest that density-dependent mortality would 
probably set in more than 4 weeks after settlement first occurs.  
Predation, crushing by grazing gastropods, and competition are the most 
commonly cited causes of post-settlement mortality (see Gosselin and Qian, 1997) for 
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review). While bull-dozing is most detrimental to cyprid settlers and young 
metamorphs (Connell, 1961a; Dayton, 1971; Denley and Underwood, 1979), 
gastropod predators such as Thais spp. have been noted to exhibit a preference for 
larger (thus older) barnacles (Connell, 1961a; Denley and Underwood, 1979; 
Fairweather, 1985). Consequently, predation may not have a marked effect on month-
old or younger recruit populations sampled in this study. Moreover, clumps of Thais 
spp. were common below the lowest levels sampled for recruits (personal 
observations), therefore barnacles at the lowest of the three shore Levels sampled 
would have been the most accessible to the predators, and may have been subjected to 
greater mortality. It is probable that as the recruits mature, more intense predation at 
the lower levels would reduce recruit densities relative to the middle level, eventually 
producing a vertical distribution pattern like that of the adults (where the highest 
densities occur at middle level).  Similarly, as barnacle density continues to increase 
at the Low Level with subsequent cohorts of recruits, crowding may occur, resulting 
in density-dependent mortality. Filamentous macroalgae and calcareous tubes 
(possibly belonging to serpulids) were commonly found on the Mid and Low 
recruitment panels together with Balanus spp. recruits, and these may also impact on 
survival of recruits at these lower Levels as densities continue to increase after 4 
weeks.  
It is apparent from the above discussion that considerable empirical studies 
have been conducted on the consequence of varying recruitment intensities and the 
processes influencing recruitment itself. However, from the results of the present 
study it is also evident that the recruitment-based models derived from other systems, 
particularly temperate habitats, may not always apply at all places and times. This 
point is especially important when considering the generality of the theories across 
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different climactic regions and this study provides an example of a tropical intertidal 
species that does not appear to be limited by recruitment in its zonation. Furthermore, 
the scales at which variations occur have been identified, and will facilitate future 
experiments identifying alternative mechanisms and causative processes.  
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CHAPTER 6. General Discussion 
The analyses of population and recruitment dynamics of Chthamalus 
malayensis in southern Peninsular Malaysia and Singapore and Balanus spp. in 
Singapore reveal that local, within-shore variations were more significant than 
patterns across larger spatial scales. The conclusions also suggest that the patterns 
observed can vary depending on the time of the year. These findings highlight 
important aspects neglected by previous workers on these shores (e.g. Purchon and 
Enoch, 1954; Chuang, 1961; Lee, 1966; Ewing-Chow, 1967), who conducted 
unrepeated surveys of assemblages on single shores and/or made generalizations of 
the habitats in a larger area. While the present study was restricted to single-species 
populations, it is reasonable to hypothesize that communities may vary on such small 
scales and temporally as well. Therefore, previous generalized descriptions should be 
re-examined by using more replicates across a local scale, and monitoring through 
time (Underwood and Petraitis, 1993; Underwood and Chapman, 2000). While the 
current study did not determine the causes of the observed patterns, the results will 
facilitate the development and testing of explanatory models of causal mechanisms at 
the appropriate scales (Underwood and Petraitis, 1993; Benedetti-Cecchi et al., 2000; 
Jenkins et al., 2000).  
This study has shown that densities of sessile organisms such as barnacles on 
equatorial shores within a narrow latitudinal range can range from sparse to crowded. 
The former was often claimed to be characteristic of tropical habitats and the latter 
typical of temperate shores (Lewis, 1964; Stephenson and Stephenson, 1972; Menge 
and Lubchenco, 1981; Menge, 1991).Menge and Farrell (1989) speculations that 
recruitment levels are lower on tropical shores compared to temperate coasts, are 
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refuted by the high densities of C. malayensis and Balanus spp. recruits collected for 
this study. The abundance and recruitment data presented here reinforces (Sutherland, 
1990) assertion that temperate-tropical comparisons of rocky shore dynamics should 
wait till variations within the tropics are better understood. On the other hand, the 
persistence of C. malayensis populations over the one-year study period and the 
constant recruitment of C. malayensis and Balanus spp. appear to support Lubchenco 
et al.'s (1984) explanation that the relatively constant tropical environment will result 
in persistent communities. As the recruitment levels of C. malayensis observed on the 
East and West Coasts of Malaysia and Singapore and those of Balanus spp. at Pasir 
Ris in Singapore generally did not exceed the densities of established adult 
populations, the existing populations were probably the result of significant survival 
of recruits and accumulation of adults between recruitment (‘storage effect’ of Warner 
and Chesson, 1985). In contrast, juvenile mortality may be the major determining 
process in barnacle populations where recruitment regularly exceeded the densities of 
adults (Bertness, 1989), such as those found at Changi Point.  
 As mentioned earlier in the chapter, manipulative field studies are essential to 
test various hypotheses of factors that determine the patterns observed. It was also 
pointed out in previous chapters that organisms which have been found to exert a 
significant influence on barnacle population dynamics on temperate shores, such as 
gastropod predators and grazers and macroalgae, are present at the study sites. The 
next logical step will be to test whether the temperate models are valid on equatorial 
shores, and experiments simultaneously examining multiple hypotheses have been 
advocated recently as a way to unconfound temporal variations (Miron et al., 1999; 
Delany et al., 2003; Jeffery, 2003). Apart from investigating processes that would 
have caused the observed patterns, the scales of the models tested in this study should 
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also be extended and refined. Firstly, because the analyses indicated that Site varied 
significantly for all parameters examined, the range along a Coast or Shore should be 
increased by increasing the number of replicate Sites. Conversely, smaller within-Site 
scales should be considered as well. The influence of recruitment on vertical zonation 
can also be further investigated by measuring recruitment outside of the range of adult 
distribution (e.g. Strathmann and Branscomb, 1979; Grosberg, 1982; Raimondi, 
1988a). Scales of temporal investigation should be similarly varied in further studies. 
While intervals less than a month are relatively easy to monitor (e.g. Wethey, 1984; 
Cruz, 1999; Cruz et al., 2005), longer-term studies that stretch beyond years require 
greater effort but are just as important (Connell, 1985b; Underwood and Petraitis, 
1993; Underwood et al., 2000). Connell (1985b) suggested ‘return pilgrimage[s] to 
site(s) [shore ecologists] studied as postgraduate students to obtain quantitative 
records of persistence of rocky shore populations’. As a first systematic quantification 
of the population and recruitment dynamics of intertidal barnacles on the shores of 
southern Peninsular Malaysia and Singapore, this study has presented many models 
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